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1 
Introduction 
 
1. History and structural properties of sulfoximines 
 
This thesis focuses on sulfoximine preparation through N-functionalization of N-H 
sulfoximines. Sulfoximines[1] 2 are isoelectronic species of sulfones 1. If one of the 
oxygen atoms bonded with sulfur atom in a sulfone is replaced by a NR group, it is 
known as a sulfoximidoyl moiety. Thus, the sulfoximine structure contains two 
sulfur-carbon bonds, one sulfur-oxygen bond and one sulfur-nitrogen bond (Figure 
1). 
SO O
R1
R2
SO NR
R1
R2
     1                              2
 Sulfone                Sulfoximine  
Figure 1 
 
Sulfoximines were first discovered in the late 1940’s. When nitrogen trichloride was 
used for bleaching wheat, a toxic compound was formed. In 1949, this toxic 
compound was isolated and identified by the Bentley group when they investigated 
the action of nitrogen trichloride on proteins.[2] This compound was finally identified 
as methionine sulfoximine (3), with the molecule formula C5H12N2SO3 (Figure 2).[3]  
S
O NH
NH2
O
OH
3
Methionine sulfoximine  
Figure 2 
 
Subsequently methionine sulfoximine was prepared from natural amino acid 
methionine by the Bentley group. Oxidation of methionine (4) using hydrogen 
peroxide produced methionine sulfoxide (5). The corresponding methionine 
sulfoximine (3) was obtained from the reaction between methionine sulfoxide with 
2 
sodium azide and concentrated sulfuric acid in chloroform (Scheme 1).[4]  
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Scheme 1  
 
2. Properties of sulfoximines 
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Figure 3 
 
The key properties of sulfoximines are described in Figure 3. In the sulfoximidoyl 
moiety, the sulfur atom is adjacent to four atoms, two carbon atoms, one oxygen atom 
and one nitrogen atom. The configuration of this sp3 hybridized sulfur is tetrahedral. 
When the two carbon-containing groups are different, the sulfur atom is a stereogenic 
center. The first example of an enantiopure sulfoximine was reported in 1965 by the 
Fusco group.[5]  
 
Differing from sulfones, sulfoximines contain a basic nitrogen atom. When R3 is a 
proton, they are commonly referred as “free sulfoximines” or N-H sulfoximines. The 
pKa value of N-H proton in S-methyl-S-phenylsulfoximine is 24.3 in DMSO.[6,1b]  
 
As there is a lone electron pair on the nitrogen atom in sulfoximidoyl groups, when 
they are reacted with strong mineral acids and metals, salts and metal complexes can 
3 
be formed.[7] In addition, sulfoximines can serve as nucleophiles. When sulfoximines 
coordinate with metal ions, they may also serve as ligands for metal-mediated 
reactions. In 1992, the first use of a sulfoximine ligand for catalytic asymmetric 
reaction was reported by the Bolm group. Chiral β-hydroxysulfoximine and nickel 
complexes were used for the 1,4-addition of diethylzinc to chalcones.[8] Subsequently, 
many sulfoximine ligands have been employed for catalytic asymmetric reactions.[1f]  
 
If there is an alkyl group on the sulfur atom, the proton on the methylene group 
between sulfur and R1 is acidic (Figure 3). The acidic strength mainly depends on the 
substituted group R3 on nitrogen. It is stronger when R3 is an electron-withdrawing 
group and weaker when R3 is an electron-donating group. For example, the pKa value 
of the S-methyl group in N,S-dimethyl-S-phenylsulfoximine is 32 in DMSO, whilst 
the pKa value of the S-methyl group in 
N-(4-methylphenylsulfonyl)-S-methyl-S-phenylsulfoximine is 24.5 in DMSO.[1b] 
 
3. Sulfoximine synthesis 
 
In recent decades, numerous methods have been developed for sulfoximine 
preparation. Mainly, two strategies are employed. The first one is to transform other 
sulfur-containing compounds into sulfoximines, referred to as sulfoximine synthesis. 
The second one is to prepare more complex sulfoximine derivatives from readily 
available sulfoximines, namely sulfoximine functionalization.  
 
For the transformation of sulfur-containing compounds to sulfoximines, there are 
three main methods currently employed: sulfoxide 6 imination, sulfilimine 8 
oxidation and the substitution of sulfonimidoyl halides or sulfonimidates 9 (Scheme 
2).  
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Scheme 2 
 
3.1 Sulfoxide imination 
 
3.1.1 Transition metal-free sulfoxide imination 
 
Hydrazoic acid method 
 
Sulfoxide imination is the oldest method for sulfoximine preparation used since 1950, 
when the Bentley group obtained dimethyl sulfoximine (11) (Scheme 3) and 
methionine sulfoximine (Scheme 1) from the reaction of the corresponding sulfoxide, 
sodium azide and concentrated sulfuric acid.[3,9] The Reiner group also reported this 
method for the preparation of S,S-diphenylsulfoximine and some other substituted 
phenyl methyl sulfoximines.[10] 
S
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Scheme 3 
 
5 
Aryl azide method 
 
In 1972, the Banks group reported that when azidopolyfluoroarenes 12 
(4-azidotetrafluoropyridine[11] or azidopentafluorobenzene[12]) were heated with 
DMSO (10), the corresponding sulfoximines 13 were obtained (Scheme 4). 
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Scheme 4 
 
t-Butyl hypochlorite with aniline method 
 
The Claus group[13] and the Swern group[14] reported a direct N-aryl sulfoximine 
synthesis method using aniline and t-butyl hypochlorite. The t-butyl hypochlorite and 
aniline solutions in DCM were added dropwise and subsequently to a DMSO solution 
in DCM. The corresponding N-arylsulfoximines 14 were obtained in moderate yields 
(Scheme 5). 
S
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Scheme 5 
 
O-Mesitylenesulfonylhydoxylamine (MSH) method 
 
The Ikeda group found that O-mesitylenesulfonylhydoxylamine (MSH) could be used 
for iminations of sulfides and sulfoxides to afford sulfilimines and sulfoximines 
respectively. When sulfoxides 6 and an equimolar amount of 
6 
O-mesitylenesulfonylhydoxylamine (15) were reacted at room temperature for 30 
minutes, the crystalline S-aminosulfonium salts 16 could be obtained by precipitation 
after the addition of ether. The salts could be converted to sulfoximines 17 by treating 
them with methoxide solution in methanol at room temperature (Scheme 6).[15] This 
method has many advantages including ease of separation, a wide substrate scope, 
good yields, mild condition and provides direct access to N-H sulfoximines. 
O-acylhydroxylamines and O-nitrophenylhydroxylamines have also been tested for 
sulfoxides inminations.[16] Using MSH and optically active sulfoxides, a 
stereospecific sulfoximine preparation was reported by the Johnson group.[17] 
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Lead tetra-acetate method 
 
In 1971, the Okahara group reported a method for the preparation of 
N-sulfonylsulfoximines. When tosyl amides 18 were treated with lead tetra-acetate in 
DMSO at room temperature, the corresponding N-sulfonylsulfoximines 19 were 
obtained (Scheme 7).[18]  
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Scheme 7 
7 
 
The Rees group reported that when N-amino-compounds 20-24 were oxidized by lead 
tetra-acetate in the presence of sulfoxides 6, sulfoximines 25 were formed in fair to 
good yields (Scheme 8).[19,20] This imination process proceeded through nitrene 
intermediates produced by oxidation of N-amino-compounds.[21] (Scheme 8) 
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The Stirling group found that when sulfoxides 6 combined with N-aminophthalimide 
(21) were oxidized by lead tetra-acetate in chloroform, N-phthalimidosulfoximines 26 
were formed (Scheme 9).[22]  
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Scheme 9 
 
N-Aminooxazolidones 27 combined with lead tetra-acetate were also reported by the 
White group. Thermal decomposition of this kind of products 28 lead to olefins 29 
(Scheme 10).[23]  
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Scheme 10 
 
Iodobenzene diacetate method  
 
In 1997, the Little group reported that N-aminourazole 30 could react with DMSO in 
the presence of iodobenzene diacetate (31) to form sulfoximine 32 (Scheme 11).[24]  
9 
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Scheme 11 
 
Then iodobenzene diacetate-mediated sulfoxide iminations were reported by both the 
Bolm group and the Yudin group, using p-nitrobenzenesulfonamide[25] (33) and 
N-aminophthalimide[26] (21) as nitrogen source (Scheme 12).  
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Scheme 12 
 
Electrochemical method 
 
In 2002, an electrochemical process for the stereospecific sulfoxide imination was 
introduced by the Yudin group. N-Aminophthalimide (21) was used as the nitrogen 
sources to form the corresponding N-phthalimindo-sulfoximines 26 through 
electrolysis. Furthermore, the transformation from N-phthalimindosulfoximine to N-H 
sulfoximine 17 was also achieved by electrolysis (Scheme 13).[27]  
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Scheme 13 
 
3.1.2 Transition-metal-catalyzed sulfoxide imination 
 
Copper-catalyzed sulfonyl azide method 
 
In 1967, the Kwart group reported that for the copper-catalyzed decomposition of 
benzenesulfonyl azide (35) in alcohol, one equivalent of DMSO could accelerate the 
decomposition leading to N-benzenesulfonyl-S,S-dimethylsulfoximine (36). The 
reaction also proceeded in the absence of copper, but the reaction rates were much 
slower and the yields obtained were never more than 40% (Scheme 14).[28]  
S
O
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Scheme 14 
 
This method could also be used for the preparation of optically active sulfoximines, 
which was reported by the Johnson group. When optically active sulfoxides were 
reacted with p-toluenesulfonyl azide in the presence of catalytic amount of Raney 
copper, optically active sulfoximines were formed.[29] 
11 
 
Iron-catalyzed BocN3 method 
 
In 1998, an iron-mediated nitrene transfer reaction from t-butyloxycarbonyl azide (37) 
to sulfoxides 6 was reported by the Bach group. In this reaction, iron (II) chloride was 
used in stoichiometric or substoichiometric (0.25 equiv.) amounts in DCM and the 
corresponding sulfoximines 38 were obtained in moderate yields (Scheme 15).[30]  
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Scheme 15 
 
Cu catalyzed PhI=NR method 
 
In 1998, the Müller group reported a method for sulfoxide iminations using copper (I) 
triflate as catalyst and PhI=NTs 39 as the nitrogen source. In this reaction, copper (I) 
triflate (5 mol%) was used and excellent yields of N-tosyl-sulfoximines 40 were 
obtained (Scheme 16).[31]  
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Scheme 16 
 
The Malacria group then reported the use of copper (II) triflate as a very efficient 
catalyst and PhI=NTs 39 as nitrogen source for the imination of sulfoxides 6 (Scheme 
17).[32]  
12 
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Scheme 17 
 
The Tye group reported the use of CuPF6 as catalyst, employing PhI=NTs, PhI=NNs, 
PhI=NSes (Me3SiCH2CH2SO2-) as imination reagents 41 to afford the corresponding 
N-protected sulfoximines 2 in good yields (Scheme 18).[33]  
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Scheme 18 
 
The Bolm group reported a method for the preparation of ferrocenyl compound 43 
containing chiral sulfoximidoyl group, using copper catalyst combined with PhI=NTs 
39. For this reaction, CuPF6 was determined to be better than copper (I) triflate.[34]  
Fe
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Scheme 19 
 
Rh catalyzed amide-PhI(OAc)2 method 
 
In 2004, the Bolm group reported a method for the imination of sulfoxides 6, using 
Rh2(OAc)4 as catalyst conbined with trifluoroacetamide (44) or sulfonylamide 33, 
13 
PhI(OAc)2 and magnesium oxide. The corresponding N-H sulfoximines could be 
formed by deprotecting the trifluoroacetyl group (Scheme 20).[35] This method was 
also used for preparing unsaturated sulfoximines.[36]  
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Scheme 20 
 
Iron (III)-catalyzed sulfonamide with PhI=O method  
 
In 2005, an iron-catalyzed method for the imination of sulfoxides was reported by the 
Bolm group. Fe(acac)3 was used as catalyst while sulfonamide 18 combined with 
PhI=O were used as iminating reagents. The reaction conditions were mild, performed 
in CH3CN at room temperature (Scheme 21).[37]  
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Iron (II)-catalyzed PhI=NNs method 
 
14 
In 2009, the iron (II) triflate catalyzed imination of sulfoxides was reported by the 
Bolm group. Using PhI=NSO2R 46 as the nitrogen source in CH3CN at room 
temperature, sulfoximines 45 could be readily obtained from sulfoxides, even from 
challenging starting materials containing benzylic, bulky alkyl and heteroaryl 
substituents (Scheme 22).[38]  
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Silver-catalyzed PhI(OAc)2 with sulfonamides method 
 
In 2005，the Bolm group reported the silver-catalyzed imination of sulfoxides. In this 
reaction, at room temperature in CH3CN, silver nitrate combined with 4,4′,4′′-t-Bu3tpy 
was used as the catalyst, sulfonamides 18 combined with PhI(OAc)2 were used as 
nitrene source. Sulfoximines 45 could be obtained in good yields (Scheme 23).[39]  
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Scheme 23 
 
3.2 Sulfilimine oxidation 
 
As sulfides are typically more nucleophilic than sulfoxide, the imination of sulfides is 
much easier to achieve than the imination of sulfoxides. Following oxidation, 
sulfoximines can be readily obtained from the corresponding sulfilimines.  
 
3.2.1 KMnO4 oxidation method 
 
In 1950, the Bentley group reported that N-tosyl-S,S-dimethylsulfoximine (48) could 
15 
be obtained by boiling mixture of N-tosyl-S,S-dimethylsulfilimine (47) and potassium 
permanganate in water (Scheme 24).[40]  
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Scheme 24 
 
3.2.2 m-CPBA oxidation method 
 
Based on the work of the Cram group,[41] the Swern group systematically reported a 
method for the sulfilimines oxidation, using m-CPBA as oxidant combined with 
bases.[42] Sulfoximines 2 could be obtained in good yields from N-acyl, N-aryl and 
N-sulfonyl sulfilimines 49. (Scheme 25) 
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Scheme 25 
 
3.2.3 NaIO4-RuO2 oxidation method  
 
In 1978, the Swern group reported a method for sulfilimines 49 oxidation, using 
NaIO4 as oxidant and a catalytic amount of ruthenium dioxide. This reaction was 
rapid, clean and was completed in no more than 15 minutes to afford N-acyl or 
N-sulfonyl sulfoximines 2 in excellent yields (Scheme 26).[43]  
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3.2.4 H2O2-NaOH oxidation method  
 
In 1979, a method for the sulfilimines oxidation using alkaline hydrogen peroxide was 
reported by the Johnson group. A solution of sodium hydroxide and hydrogen 
peroxide in water was added to a refluxing solution of N-tosyl sulfilimines 50 in 
methanol. After refluxing for 2 hours, N-tosyl sulfoximines 40 were obtained 
(Scheme 27).[44]  
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3.2.5 Dioxirane oxidation method 
 
In 1997, a method for the sulfilimines oxidation using dioxiranes as oxidants was 
reported by the Colonna group. When dimethyldioxirane (51) (4 equiv.) was reacted 
with N-tosyl and N-acetyl sulfilimines 50 in acetone at 25 oC, good yields of 
sulfoximines 2 could be obtained. Furthermore, enantiopure sulfoximines could be 
obtained from enantiopure sulfilimines using this method (Scheme 28).[45]  
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3.3 From sulfonimidoyl halogenides and sulfonimidates 
 
3.3.1 Johnson’s sulfonimidates method 
 
In 1979, the Johnson group reported a method for sulfoximines 54 preparation using 
nucleophilic substitution of sulfonimidates 52 with organolithium reagents 53. Many 
types of sulfoximines were obtained in acceptable yields, including N-aryl 
sulfoximines, and S-benzyl and S-allyl sulfoximines, which were typically difficult to 
prepare (Scheme 29).[46]  
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3.3.2 Johnson’s sulfonimidoyl fluoride method 
 
In 1983, the Johnson group reported the preparation of sulfoximines from 
sulfonimidoyl fluorides. Sulfonimidoyl fluorides 55 could be obtained by substitution 
of sulfonimidoyl chlorides by fluoride ion. Methyl and n-butyl lithium 53 reacted with 
sulfonimidoyl fluorides 55 to form sulfoximines 54 while bulky t-butyl lithium failed. 
Sulfoximines could also be obtained by the Lewis acid catalyzed Friedel-Crafts type 
reaction of anisole (57) with sulfonimidoyl fluoride 56 or the Lewis acid catalyzed 
reaction between sulfonimidoyl fluoride 56 with silyl enol ethers 59 and 61 (Scheme 
18 
30).[47]  
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3.3.3 Harmata’s ethylaluminum dichloride method 
 
In 1989, a method for the preparation of sulfoximines from sulfonimidoyl chloride 
with ethylaluminum dichloride was reported by Harmata. Sulfoximines 65 were 
obtained from the sulfonimidoyl chlorides 63 by reacting them with ethylaluminum 
dichloride (64) (Scheme 31).[48]  
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3.3.4 Sulfonimidoyl chlorides reacted with alkenes or alkynes 
 
In 1987, a method for the preparation of benzothiazines from sulfonimidoyl chlorides 
was reported by the Harmata group. Sulfonimidoyl chloride 66 and substituted 
alkynes 67 were used as the starting materials, in the presence of the aluminum 
trichloride, benzothiazines 68 were obtained.[49] This Lewis acid-mediated reaction 
could also be applied to alkenes 69, and of note, regioselective products 70 could be 
obtained (Scheme 32).[50]  
S
O
NPh
Cl
+ C
DCM, -78 oC
C R2R1
N
S
O
R1 R2
AlCl3
14-90%
S
O
NPh
Cl
+ C C
R2R1
R3 R4
DCM, -78 oC
AlCl3 N
S
OR1 R
2
70-91%
R3
R4
66                                         67                                                          68
66                                         69                                                        70
 
Scheme 32 
 
3.3.5 Cyclic sulfonimidates reacted with organometallic reagents 
 
A chiral cyclic sulfonimidates was prepared by the Reggelin group. This chiral 
sulfonimidate could be reacted with Grignard reagents and organolithium reagents to 
form enantiomerically pure sulfoximines.[51] For preparing this sulfonimidate, 
p-toluenesulfinyl chloride (71) and (S)-O-trimethylsilyl-valinol (72) were used as the 
starting materials to form sulfinamide 73. After the oxidation by t-butyl hypochlorite 
in CCl4, the deprotection by KF in CH3CN with catalytic amounts of 18-crown-6 
20 
afforded sulfonimidates 74 and 75. The two epimeric sulfonimidates 74 and 75 were 
separated by silica gel chromatography and reacted with organometallic compounds 
to form the corresponding sulfoximines 76 and 77 (Scheme 33). The same research 
group subsequently reported a modified method to prepare this type of sulfonimidates, 
using p-toluenesulfinyl chloride and (S)-valinol as the starting materials.[52] 
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3.3.6 Sulfonimidoyl fluorides reacted with TMSCF3/TBAF 
 
In 2012, the synthesis of S-trifluoromethylsulfoximines was reported by the Bolm 
group, using sulfonimidoyl fluorides 55 and TMSCF3 (78) as starting materials. The 
sulfonimidoyl fluorides reacted with TMSCF3 in presence of TBAF in THF at 21 oC, 
21 
and the corresponding trifluoromethyl sulfoximines 79 were obtained in moderate to 
good yields (Scheme 34).[53]  
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4. Sulfoximine functionalization 
 
4.1 Sulfoximine α-C-H bond functionalization 
 
Because of the acidic property of the α-proton in sulfoximines,[54] when a strong base 
is used, carbanions or organometallic compounds can be formed, which are useful 
nucleophilic reagents. These nucleophiles could react with alkyl halogenides, 
carbonyl compounds or imines to form new types of sulfoximine derivatives. Only a 
few relevant examples are discussed in the following section. 
 
4.1.1 Nucleophilic substitution of the α C-H bond 
 
The nucleophilic carbanions from deprotonated sulfoximines can react with alkyl 
halogenides, acyl halogenides, esters to form α C-H bond functionalized sulfoximines. 
Using this strategy, many useful sulfoximines could be accessed. 
 
In 1986, a C-C bond formation method was reported by the Hwang group, by reacting 
N-trimethylsilyl-S-methyl-S-phenylsulfoximine (80) anion and with many types of 
electrophiles. The anion was generated by using strong bases such as n-BuLi, and 
subsequently reacted with alkyl halogenides, esters, methyl chloroformate and 
ethylene oxide to form sulfoximines 81 (Scheme 35).[55]  
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In 1999, the Levacher group reported a method for the preparation of 
S-(tert-butyl)-S-phenylsulfoximine (83) by repeated methylation of 
N-trimethylsilyl-S-methyl-S-phenylsulfoximine (80). In this method, the TMS 
protected sulfoximine 80 was lithiated by n-BuLi and quenched with methyl iodide. 
Repeating the methylation two more times, 
N-trimethylsilyl-S-(tert-butyl)-S-phenylsulfoximine (82) was obtained in 80% yield 
overall. The TMS group could be subsequently removed in methanol at room 
temperature, in 95% yield (Scheme 36).[56]  
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In 1992, the Trost group reported the reaction between chiral N-nitro sulfoximines 84 
and alkyl halogenides to form diastereoselective sulfoximines 86. In this reaction, 
sodium hydride was used for the first alkylation and lithium hexamethyldisilazide for 
the second. The best d.r. value of dialkylated sulfoximines 86 achieved was 9:1 
(Scheme 37).[57]  
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In 1995, a method for preparing N-substituted β-carbonyl sulfoximines 88-90 was 
reported by the Bolm group. After deprotonation, carbanion from 
N-methyl-S-methyl-S-phenylsulfoximine (87) underwent nucleophilic substitution 
with dimethyl carbonate and N,N-diisopropoylcarbamoyl chloride, or nucleophilic 
addition to pivalonitrile, to afford the corresponding N-methyl β-carbonyl 
sulfoximines (Scheme 38).[58]  
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The β-carbonyl sulfoximine could also be utilized as a good cross coupling partner 
with aryl halogenides, reported by the Bolm group in 2005. N-Benzoyl ethyl ester 92 
was prepared by nucleophilic substitution between N-benzoyl sulfoximine 91 and 
ethyl chloroformate. The ester could react with aryl bromides 94 under 
24 
palladium-catalyzed coupling conditions to form sulfoximines 95 (Scheme 39).[59]  
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4.1.2 α C-H bond addition to carbonyl compounds and imines 
 
The anions generated from the α C-H bonds of sulfoximines can add to the carbonyl 
compounds to form β-hydroxyl sulfoximines. Following elimination, S-vinyl 
sulfoximines could be prepared from β-hydroxyl sulfoximines. The β-hydroxyl 
sulfoximines proved useful as chiral ligands for the enantioselective reduction of 
ketones[60] and conjugate addition to chalcones.[8] When the imines were used in stead 
of the carbonyl compounds, β-amino sulfoximines could be obtained. 
 
In 1987, a method for preparing β-hydroxyalkyl sulfoximines 96 from 
N-trimethylsilyl-S-methyl-S-phenylsulfoximine (80) using aldehydes or ketones was 
reported by the Hwang group (Scheme 40).[61]  
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Later, a method for the synthesis of vinyl sulfoximines by the elimination of 
β-hydroxyalkyl sulfoximines was also reported by the Hwang group. The free 
β-hydroxyalkyl sulfoximines 96 were treated with carbonyldiimidazole (CDI) in 
toluene, and good yields of the S-vinyl sulfoximines 97 were obtained. When the 
β-hydroxyalkyl sulfoximines 96 were reacted with trimethyl orthoformate or trimethyl 
orthoacetate in the presence of p-toluenesulfonic acid, the corresponding N-formyl or 
N-acetyl S-vinyl sulfoxmines 98 were formed (Scheme 41).[62]  
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In 1993, a procedure for (E)-S-vinyl sulfoximine synthesis was reported by the Craig 
group. In this reaction process, N-trimethylsilyl-S-methyl-S-phenylsulfoximine (80) 
was deprotonated by n-BuLi and then reacted with aldehydes to form β-hydroxyalkyl 
sulfoximines. The hydroxyl group was then reacted with methyl chloroformate to 
form N-(trimethylsilyl)-β-methoxycarbonyloxysulfoximines 99. After elimination 
with potassium tert-butoxide in THF and work-up with aqueous HCl solution,  
(E)-N-unfunctionalized-S-vinylsulfoximines 100 were obtained in good to excellent 
yield. The corresponding N-trifluoromethanesulfonylated (E)-S-vinyl-sulfoximines 
101 could be also obtained by treating (E)-S-vinyl-sulfoximines 100 with 
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trifluoromethanesulfonic anhydride and pyridine (Scheme 42).[63]  
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In 1990, a diastereoselective addition of the sulfoximines to the imines and aldehydes 
was reported by the Pyne group. After deprotonated, N-functionalized sulfoximines 
102 were reacted with imines. The diastereoselectivity of products 103 depended on 
the group bonded to the nitrogen atom. The tert-butyldiphenylsilyl protected 
sulfoximine 104 was treated with n-BuLi and reacted with imines, the yields of 
β-amino sulfoximines 105 were up to 90% and the d.r. was up to 95:5. When the 
imines were replaced by aldehydes, the yields of the corresponding β-hydroxy 
sulfoximines 106 were up to 89% and d.r. was up to 96:4 (Scheme 43).[64]  
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4.2 N-H bond functionalization 
 
4.2.1 The silylation of N-H sulfoximines 
 
In 1986, a method for the silylation of S-methyl-S-phenylsulfoximine (107) using 
bis(trimethylsilyl)acetamide (BSA) or (trimethylsilyl)diethylamine (Et2SiMe3) was 
reported by the Hwang group. The yields of the N-silylated sulfoximine 80 were 
almost quantitative (Scheme 44).[55]  
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The silylation of N-H sulfoximine could be achieved using silyl chlorides under basic 
conditions. In 1987, a method for N-silyl sulfoximine preparation using silyl chloride 
was reported by the Hwang group. S-methyl-S-phenylsulfoximine (107) was treated 
with n-butyllithium at 0 oC and then methyldiphenylchlorosilane was added. The 
S-methyl-N-(methyldiphenylsilyl)-S-phenylsulfoximine (108) was obtained after 
work-up.[61] The bases for nucleophilic substitution between silyl chlorides and N-H 
sulfoximines can also be pyridine or imidazole (Scheme 45).[65]  
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4.2.2 The halogenation of N-H sulfoximines 
 
In 1968, the first N-chlorosulfoximine was prepared by the Cram group. For this 
transformation, sodium hypochlorite was used as the halogenation reagent. When an 
aqueous solution containing N-H sulfoximine 109 was treated with sodium 
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hypochlorite, S-methyl-N-chloro-S-(4-methylphenyl) sulfoximine (110) was obtained 
in 60% yield (Scheme 46).[41a]  
S
O NH
NaOCl
H2O
S
O N
Cl
60%
109                                                       110
 
Scheme 46 
 
The chlorination of N-H sulfoximines can also be achieved using 
N-chlorosuccinimide (NCS) or tert-butyl hypochlorite, as reported by the Yoshida 
group. After preparing N-chloro-S-benzyl-S-phenylsulfoximine (112), the properties 
of the corresponding products were investigated. Under basic conditions, 
N-sufinylimine 113 could be formed following the rearrangement of 
N-chloro-S-benzyl-S-phenyl sulfoximine (Scheme 47).[66]  
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Similarly, the bromination of N-H sulfoximine could also be achieved by treatment 
with N-bromosuccinimide (NBS), also reported by the Yoshida group.[66] 
 
4.2.3 N-P bond formation from N-H sulfoximines 
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In 1983, four methods for the preparation of 
N-phosphorylated-S,S-dimethylsulfoximines 115 and 117 were reported by the 
Wieczorkowski group. The phosphorus sources can be dialkylphosphites, 
diarylphosphites, phosphorochloridates or phosphorochloridothionates. In the first 
method, the phosphorylated sulfoximines 115 could be obtained from the reaction 
between dialkyl phosphates 114 and N-H sulfoximines 10, in the presence of carbon 
tetrachloride and triethylamine. In the second approach, the N-H sulfoximines were 
reacted with phosphorochloridates or phosphorochloridothionates 116, in the presence 
of triethylamine. Thirdly, the N-bromosulfoximine 118 was prepared by N-H 
sulfoximine bromination, and subsequently trialkylphosphites was added to form 
N-phosphorylated sulfoximines 115. An alternative approach to access 
N-phosphorylated sulfoximines was to use a nucleophilic substitution between 
N-silylated sulfoximine 119 and dialkyl phosphites (Scheme 48).[67]  
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In 2001, the Tye group reported a new sulfoximine-based ligand 
(S)-N-(diphenylphosphinyl)-S-methyl-S-phenylsulfoximine for asymmetric catalysis. 
To prepare this ligand, enantiopure N-H sulfoximine 
(S)-S-methyl-S-phenylsulfoximine (120) was used as starting material. Following 
silylation with (trimethylsilyl)diethylamine (Et2SiMe3) and nucleophilic substitution 
with chlorodiphenylphosphine, 
(S)-N-(diphenylphosphinyl)-S-methyl-S-phenylsulfoximine (122) was obtained in 
excellent yield.[68] This ligand was applied in copper (II) triflate catalyzed 
enantioselective addition of diethylzinc to α,β-unsaturated ketones. The best result 
was obtained for the reaction of cyclohept-2-enone in toluene (60% yield and 44% ee) 
32 
(Scheme 49).  
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Additional types of N-phosphorylated sulfoximine-based ligands were prepared by the 
Gais, Reetz and Bolm group.[69] All of them were prepared by nucleophilic 
substitution between chiral N-H sulfoximines with P-Cl bond containing compounds 
in the presence of triethylamine. The BINOL-derived N-phosphino sulfoximines 124 
were applied in the palladium-catalyzed allylic substitution. Sulfoximine derivatives 
126 and 128 were used as ligands for the palladium-catalyzed asymmetric allylic 
substitution and rhodium-catalyzed asymmetric hydrogenation reactions (Scheme 50).  
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4.2.4 N-S bond formation from N-H sulfoximines 
 
In 1981, when the reductive deimination of sulfoximines 17 with t-butyl thionitrate 
(129) was investigated by the Oae group, the N-sulfenylated sulfoxmine 130 was 
obtained as a byproduct. In this reaction, when S-methyl-S-phenylsulfoximine or 
S,S-dimethylsulfoximine was reacted with t-butyl thionitrate, 
S-methyl-S-phenyl-N-(t-butylthio)sulfoximine was obtained in 14% yield while 
S,S-dimethyl-N-(t-butylthio)sulfoximine was obtained in 30% yield (Scheme 51).[70]  
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In 1984, a synthetically useful method for N-sulfenyl sulfoximine preparation was 
reported by the Oae group. In this report, S,S-diphenylsulfoximine (131) was reacted 
with p-toluenesulfenyl chloride (132) in ether to afford the corresponding 
N-(p-toylsulfenyl)-S,S-diphenylsulfoximine (133) in good yield. 
N-(p-toluenesulfinyl)-sulfoximine 135 was also prepared by treating N-H sulfoximine 
131 with p-toluenesulfinyl chloride (134) in the presence of triethylamine (Scheme 
52).[71]  
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For the preparation of N-sulfonyl sulfoximines from sulfoxides, most methods utilize 
sulfonyl azide, sulfonamide, PhI=NTs or PhI=NNs as nitrogen source.[18,28,31-39] The 
preparation of N-sulfonyl sulfoximines can also be achieved using a N-sulfonylation 
protocol from N-H sulfoximines, using sulfonyl chlorides or sulfonic anhydrides in 
the presence of bases. 
 
In 1978, a method for N-(p-toluenesulfonyl)-α-chlorosulfoximine preparation from 
free α-chlorosulfoximine was reported by the Johnson group. In this reaction, 
α-chlorosulfoximine 136 was treated with p-toluenesulfonyl chloride (137) in pyridine 
and N-(p-toluenesulfonyl)-α-chlorosulfoximine 138 was obtained in 85% yield 
(Scheme 53).[72] Many other N-sulfonylated sulfoximines were also prepared from 
N-H sulfoximines by using this protocol.[73]  
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4.2.5 N-nitrosulfoximines 
 
N-nitrosulfoximines have been used as chemical chameleons for asymmetric synthesis. 
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[57] In 1986, a method for N-nitrosulfoximine preparation was reported by the 
Winternitz group. A solution of N-H sulfoximines 17 in DCM was treated with 100% 
nitric acid and acetic anhydride. The corresponding N-nitrosulfoximines 139 were 
obtained in moderate to excellent yields (Scheme 54).[74]  
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4.2.6 The N-acylation of sulfoximines 
 
N-acysulfoximines can be prepared by using sulfoxide iminations mentioned before. 
[30, 35] They can also be accessed by acylation of N-H sulfoxmines. In 1951, the first 
N-acylated sulfoximine was reported by the Reiner group. In this reaction, 
diphenylsulfoximine (131) was treated with acetic anhydride in glacial acetic acid and 
the corresponding S,S-diphenyl-N-acetylsulfoximine (140) was obtained in 79% yield 
(Scheme 55).[10]  
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Acyl chlorides, bromides and carboxylic anhydrides 141 can also be used as acyl 
group sources in the presence of bases such as triethylamine, pyridine, DMAP and 
sodium hydride for preparing N-acylated sulfoximines 142, reported by both the Bolm 
group and the Sahoo group (Scheme 56).[75]  
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The N-acylation of N-H sulfoximines 142 was also achieved by a dehydration 
condensation between N-H sulfoximines 17 and carboxylic acids 143 in the presence 
of carboxyl activating agents N,N′-dicyclohexylcarbodiimide (DCC) (144) or 
3-(ethyliminomethyleneamino)-N,N-dimethylpropane-1-amine (EDC) (145) in 
combination with base HOBt (146) or DMAP (157) (Scheme 57).[75c-f]  
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In 2009, a boric acid mediated N-acylation of sulfoximine protocol was reported by 
the Harmata group. In this procedure, N-H sulfoximines 17, aliphatic carboxylic acids 
143 and boric acid (0.8 equiv.) were refluxed in toluene. The corresponding 
N-acylated sulfoximines 142 were obtained in moderate to good yields (Scheme 
58).[76] 
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4.2.7 The N-alkylation of sulfoximines 
 
For the N-methylation of N-H sulfoximine, the use of the Eschweiler-Clark method 
was reported by the Johnson group in 1973. In this reaction, 
S-methyl-S-phenylsulfoximine (107) was heated with aqueous formaldehyde and 
formic acid on a steam bath, the corresponding S,N-dimethyl-S-phenylsulfoximine 
(148) was afforded (Scheme 59).[77]  
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Scheme 59 
 
In 1973, a method for the N-alkylation of N-H sulfoximine by 1,4-addition to methyl 
acrylate was reported by the Johnson group. In this reaction, 
S-methyl-S-phenylsulfoximine (107) was treated with methyl acrylate (149) in the 
presence of catalytic amount of sodium hydride in benzene. The corresponding 
N-alkylated sulfoximine 150 was obtained (Scheme 60).[78]  
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Scheme 60 
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In 1986, a general procedure for N-alkylation of N-H sulfoximine preparation was 
established by the Ridley group. In this reaction, N-H sulfoximines 17 were first 
treated with sodium hydride in DMF and then alkyl halides were added at 60 oC to 
provide the N-alkylated sulfoximines 2 (Scheme 61).[79]  
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In 2003, a method for preparing N-alkylated sulfoximines from N-H sulfoximines was 
reported by the Katritzky group. When N-H sulfoximines 151, aldehydes 152 and 
benzotriazole (153) were refluxed in toluene in the presence of catalytic amount of 
p-toluenesulfonic acid, the corresponding N-(benzotriazol-1-ylmethyl)sulfoximines 
154 were obtained in good yields. The N-(benzotriazol-1-ylmethyl)sulfoximines could 
be further substituted by organozinc reagents 155 or silanes 157 in the presence of 
Et2O·BF3 to afford N-alkylated sulfoximines 156 (Scheme 62).[80]  
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Scheme 62 
 
In 2002, a procedure for the N-alkylation of N-H sulfoximines 17 was reported by the 
Bolm group. To afford N-alkylated sulfoximines 158, two steps were required, first 
acylation and then reduction. The reductive agents were borane complexes including 
BH3·THF, BH3·SMe2 and catecholborane (Scheme 63).[75a]  
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In 2009, a reductive reaction process leading to an N-alkylated sulfoximine from N-H 
sulfoximine and 4-methoxybenzaldehyde was reported by the Sun group. This 
approach is essentially a reductive amination reaction. In this reaction, 
S-methyl-S-phenylsulfoximine (107), 4-methoxybenzaldehyde (158) and reductive 
reagent sodium triacetoxyborohydride were stirred in toluene at room temperature. 
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The N-(4-methoxybenzyl)-S-methyl-S-phenylsulfoximine (160) was obtained in good 
yield (Scheme 64).[81]  
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4.2.8 The N-arylation of sulfoximines 
 
In 1998, the first N-arylation method using a palladium-catalyzed cross-coupling 
reaction between N-H sulfoximines 17 and aryl bromides 94 was reported by the 
Bolm group. In this procedure, N-H sulfoximines were reacted with substituted aryl 
bromides in presence of 5 mol% Pd(OAc)2 and 7.5 mol% bisphosphine, using cesium 
carbonate as the base and toluene as the solvent (Scheme 65).[82] This protocol was 
also applied to aryl iodides, but lithium or silver salts were needed as additives.[83]  
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In 2000, aryl sulfonates 162 were used by the Bolm group as the cross-coupling 
partner for N-arylation of N-H sulfoximines 17. In this reaction, cesium carbonate was 
used as the base and toluene was used as the solvent. Pd(OAc)2 combined with 
bisphosphine ligands were suitable catalysts for aryl triflates and aryl nonaflate 
substrates. The yields of N-arylated sulfoximines 161 ranged from moderate to 
excellent. Ni(COD)2 combined with bisphosphines was the suitable catalyst for aryl 
tosylate substrates and the yields were moderate (Scheme 66).[84]  
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In 2004, a ligand free copper-mediated cross-coupling reaction between aryl halides 
163 and N-H sulfoximines 17 was reported by the Bolm group. In this procedure, a 
stoichiometric amount of copper (I) iodide was applied. DMSO was used as the 
solvent and the base could be cesium carbonate or cesium acetate (Scheme 67).[85]  
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In 2005, a copper-catalyzed N-arylation method for the cross-coupling reaction 
between N-H sulfoximines 17 and aryl halides was reported by the Bolm group. In 
this reaction, for aryl iodides 164, a catalytic amount of copper (10 mol% CuI) was 
used as the catalyst, 20 mol% N,N′-dimethylethyldiamine was used as the ligand, 
cesium carbonate was used as the base and toluene was used as the solvent. For aryl 
bromides, the NaI (4 equiv.) was required to afford N-arylated sulfoximines 161 
(Scheme 68).[86]  
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In 2005, a Cu(OAc)2-catalyzed N-arylation method for the cross-coupling reaction 
between aryl boronic acids 165 and N-H sulfoximines 17 was reported by the Bolm 
group. In this procedure, 10 mol% of anhydrous Cu(OAc)2 was used as the catalyst, 
methanol was used as the solvent. Advantageously, no base, ligand or heating was 
required. These simple and mild conditions afforded high yields of the N-arylated 
sulfoximines 161(Scheme 69).[87]  
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In 2008, an iron-catalyzed cross-coupling reaction between N-H sulfoximines 17 and 
aryl iodides 164 providing access to N-arylated sulfoximines 161 was reported by the 
Bolm group. In this reaction, 20 mol% FeCl3 was used as the catalyst, 40 mol% 
N,N′-dimethylethyldiamine (DMEDA) was used as the ligand, potassium carbonate 
was used as the base and toluene was used as the solvent. The reaction was run under 
argon at 135 oC to afford the corresponding N-arylated sulfoximines (Scheme 70).[88]  
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In 2009, a part-per-million copper catalyst loading cross-coupling reaction for C-N 
bond formation was reported by the Nobby group and the Bolm group. In this reaction, 
phenyl iodide (166) and S-methyl-S-phenylsulfoximine (107) were used as 
cross-coupling partners, 40 mol% N,N′-dimethylethyldiamine (DMEDA) was used as 
the ligand, potassium carbonate was used as the base and toluene was used as the 
solvent. The catalyst loadings were investigated and the results are shown in Scheme 
71.[89]  
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In 2004, a microwave-assisted N-arylation of sulfoximine using a cross-coupling 
reaction between S-methyl-S-phenylsulfoximine (107) and inexpensive aryl chlorides 
168 was reported by the Harmata group. In this reaction, Pd(OAc)2 was used as the 
catalyst, BINAP or tri(tert-butyl)-phosphane was used as the ligand, cesium carbonate 
was used as the base and toluene was used as the solvent. The reaction was run under 
nitrogen atmosphere, at 135 oC. The reaction was fast and the yields from 
electron-deficient aryl chlorides ranged from moderate to excellent (Scheme 72).[90] 
This method could also be applied to aryl dichlorides.[91]  
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Scheme 72 
 
In 2011, a method for sulfoximine N-arylation through the cross-coupling reaction 
between S-methyl-S-phenylsulfoximine (107) and aryl chloride 168 was reported by 
the Harmata group. Pd2(dba)3 was used as the catalyst and RuPhos (170) was used as 
the ligand. The N-H sulfoximine, aryl chlorides and cesium carbonate were reacted in 
toluene at 135 oC to afford the corresponding N-arylated sulfoximines 169 (Scheme 
73).[92]  
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In 2012, a copper-catalyzed ultrasound-expedited N-arylation of sulfoximine method 
using diarylidonium salts 171 was reported by the Varma group. In this reaction, CuBr 
was used as the catalyst, aqueous PEG 400 (1:1, v/v) was used as the solvent. When 
ultrasound was used, the reactions were completed in 2-10 minutes to afford the 
N-arylated sulfoximines in moderate to excellent yields (Scheme 74).[93]  
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4.2.9 The N-vinylation of sulfoximines 
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In 2004, a method for the preparation of N-vinylated sulfoximines using a 
palladium-catalyzed cross-coupling reaction between vinyl bromides 172 and N-H 
sulfoximines 17 was reported by the Bolm group. In this reaction, vinyl bromides 
were used as the substrates, Pd(OAc)2 was used as the catalyst, BINAP was used as 
the ligand, t-BuONa was used as the base and toluene was used as the solvent. 
N-vinyl sulfoximines 173 were obtained in more than 98% yields. This method could 
also be applied to vinyl triflates 174, but the base required was cesium carbonated 
instead of t-BuONa to prevent the hydrolysis of vinyl triflates. The yields of the 
N-vinylated sulfoximines 175 obtained from vinyl triflates were also excellent 
(Scheme 75).[94]  
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In 2004, a copper-mediated cross-coupling reaction between vinyl bromides and N-H 
sulfoximines was reported by the Bolm group. In this reaction, CuI (1 equiv.) and 
DMEDA (2 equiv.) were required. Potassium carbonate was used as the base and 
toluene was used as the solvent to afford the N-vinylated sulfoximines (Scheme 76) 
.[95]  
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Scheme 76 
 
5. Research plan 
 
There are currently many methods available for “sulfoximine synthesis” (from other 
sulfur-containing compounds) and “sulfoximine functionalization” (from readily 
available sulfoximines). However, few examples for the N-functionalization of N-H 
sulfoximines using oxidative coupling reactions have been reported. Furthermore, 
some types of sulfoximines including N-alkynylated sulfoximines remain unknown or 
inaccessible. 
 
The research plan for this thesis was to develop new transition-metal-mediated 
protocols for the N-functionalization of sulfoximines using dual C-H/N-H activation 
strategy. Using this direct strategy, the pre-functionalization of C-H bond and use of 
toxic halides containing substrates were avoided. In order to access N-alkynylated, 
N-acylated and N-arylated sulfoximines, the oxidative coupling reactions between 
N-H sulfoximines and C-H bond-containing substrates (terminal alkynes, aldehydes 
and substituted 2-phenylpyridines) have been investigated. 
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Results and discussion 
 
1. Copper-catalyzed oxidative N-alkynylation of sulfoximines 
 
1.1 Background and research objective 
 
For N-functionalized sulfoximines, when the atom bonded to the nitrogen is a carbon, 
the hybridization of the orbital of the carbon could be sp3, sp2 and sp (Figure 4). 
When the carbon is sp3 hybridized, it is an N-alkylated sulfoximine 176. When the 
carbon is sp2 hybridized, it is an N-acylated sulfoximine 177, N-vinylated sulfoximine 
178 or N-arylated sulfoximine 179. Several methods for preparation of these types of 
sulfoximines have been reported. When the carbon is sp hybridized, it is 
N-alkynylated sulfoximine 180 (alternatively called ynesulfoximine). To date, 
however, very few reports describing N-alkynylated sulfoximines exist. 
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In 1983, the “first” N-alkynylated sulfoximine was described by the Tanaka group. In 
this report, when chloro(phenyl)ethyne (181) reacted with sodium azide (182) in 
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dimethyl sulfoxide (DMSO), the N-(phenylethynyl)-S,S-dimethylsulfoximine (183) 
was reportedly isolated in 1.5% yield as one of the products (Scheme 77).[96]  
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Scheme 77 
 
Unfortunately, the proposed structure of the “first” reported N-alkynylated 
sulfoximine 183 was subsequently determined to be incorrect. This compound was 
identified using X-ray diffraction analysis by the Banert group when they investigated 
ethynyl azide 184. The real product was determined to be sulfoxonium ylide 186 
obtained from the cyano carbene intermediate 185 (Scheme 78).[97] Therefore, prior to 
the project described kerein, the preparation or isolation of N-alkynylated sulfoximine 
did not exist and it was not known if this type of compounds could stably exist. 
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As the sulfoximidoyl moiety exists in many bioactive compounds which have been 
applied in both medicinal chemistry and agricultural chemistry,[6] developing a 
method for the synthesis of N-alkynylated sulfoximine could further enrich the 
diversity of the known sulfoximine library and would provide possibilities for further 
investigation of the stability and bioactivity of sulfoximine derivatives.  
 
Furthermore, the structurally related compound ynamides 187 and 188 have been 
intensively studied and applied in synthetic chemistry (Figure 5).[98] Therefore, to 
develop a protocol for preparing ynesulfoximines was important and essential for 
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further investigations into the application of sulfoximines in synthetic chemistry. 
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The most convenient and commercially available substrates for a direct route to 
N-alkynylated sulfoximines are alkynes and N-H sulfoximines. However, both of 
these coupling partners are electron rich coupling substrates. Until now, the oxidative 
cross-coupling of two electron-rich coupling partners is still a challenge for synthetic 
chemists, although recently several pioneering works have been reported.[99] In most 
of these examples, transition-metal catalysts were used to form new carbon-carbon 
bond or carbon-heteroatom bond between two nucleophiles. 
 
Therefore, the research objective of this project was to develop a method for the 
preparation of novel ynesulfoximines, using an oxidative coupling method between 
sulfoximines and alkynes (Scheme 79).  
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1.2 Screening reaction conditions for the N-alkynylation of sulfoximines 
 
For the N-alkynylation of amides and nitrogen-containing heterocycles, several 
methods have been recently reported, using phenylacetylene[100] (191), 
(bromoethynyl)benzene[101] (192) or (2,2-dibromovinyl)benzene[102] (193). 
Ynesulfoximines, ynamides and N-alkynylated heterocycles are all structurally similar, 
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so we first attempted the reacion conditions previously reported for the preparation of 
the aforementioned substrates. For the initial trials, we employed the readily available 
racemic S-methyl-S-phenylsulfoximine (107) with akynylating reagents 
phenylacetylene (191), (bromoethynyl)benzene (192), (2,2-dibromovinyl)benzene 
(193) as the coupling substrates and attempted to find suitable conditions to achieve 
the alkynylation. For the reaction conditions screening, alkynylating reagent (0.5 
mmol) with sulfoximine 107 (2 equiv.) was used. The results of these initial reaction 
attempts are shown below (Table 1).  
 
Table 1 Condition screening for N-alkynylation of sulfoximine 
 
S
O NH
Condition
Alkynylation reagent
S
O N
Br
Br
Br
107                                                                190a
191                           192                                    193  
 
Entry 
Alkynylating 
reagent 
Conditions 
Yield 
[%] 
1 192 
CuI (5 mol%), 2-acetylcyclohexanone (20 
mol%), Cs2CO3 (2 equiv.),  
1,4-dioxane, MS 4Å, 50 °C 
- 
2 192 
CuSO4·5H2O (5 mol%), 
1,10-phenanthroline (20 mol%), 
K3PO4 (2 equiv.), toluene, 60 °C 
- 
3 192 
CuCN (5 mol%), DMEDA (20 mol%), 
K3PO4 (2 equiv.), toluene, 110 °C 
- 
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4 193 
CuI (12 mol%), DMEDA (18 mol%), 
Cs2CO3 (4 equiv), 1,4-dioxane, 70  °C 
- 
5 191 
CuCl2 (10 mol%), Na2CO3 (2 equiv.) 
1,4-dioxane, 70 °C, O2 
59 
6 191 
CuCl2 (10 mol%), pyridine (2 equiv.), Na2CO3 
(2 equiv), 1,4-dioxane, 70  °C, O2 
78 
7 191 
CuCl2 (10 mol%), pyridine (2 equiv.), Na2CO3 
(2 equiv.), toluene, 70 °C, O2 
75 
8 191 
CuCl2 (10 mol%), pyridine (2 equiv.), Na2CO3 
(2 equiv.), acetonitrile, 70 °C, O2 
70 
 
 
Firstly, (bromoethynyl)benzene (192) was trialed as the alkynylating reagent under 
cross-coupling conditions. Copper was used as the catalyst and inorganic base was 
used to absorb the hydrogen bromide generated during the process. The conditions 
using copper (I) iodide combined with 2-acetylcyclohexanone (Entry 1), copper (II) 
sulfate pentahydrate combined with 1,10-phenanthroline (Entry 2) and copper (I) 
cyanide combined with DMEDA (Entry 3) were tried. Under these conditions, no 
desired product formed and only the diyne was identified in the reaction mixture, 
resulting from the homocoupling of the alkyne generated from the 
(bromoethynyl)benzene (192). 
 
Then (2,2-dibromovinyl)benzene (193) was trialed as the alkynylating reagent, using 
copper (I) iodide as the catalyst, DMEDA as ligand, cesium carbonate as the base and 
1,4-dioxane as the solvent (Entry 4). Unfortunately, there was also no desired product 
formed under these conditions. 
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Additional attempts employed phenylacetylene (191) as the alkynylating reagent, this 
kind of oxidative cross-coupling reaction have been reported by the Stahl group for 
the oxidative amination of terminal alkynes and by the Evano group for the oxidative 
alkynylation of diaryl imines.[100] When 10 mol% copper (II) chloride was used as the 
catalyst, molecular dioxygen was used as the oxidant, sodium carbonate (2 equiv.) 
was used as the base, desired product was obtained in 59% yield (Entry 5). For this 
process, the reaction was performed in a three-necked flask under an atmosphere of 1 
atm dioxygen gas, and the phenylacetylene was added slowly, using a syringe pump.  
 
Pyridine was applied successfully as an additive, which has also been reported by the 
groups of Stahl and Evano.[100] The function of pyridine is to minimize the occurrence 
of the Glaser coupling of the phenylacetylene to form diyne. When pyridine (2 equiv.) 
was introduced, the yield increased to 78% (Entry 6).  
 
Finally, the solvent was tested, the high boiling point solvents 1,4-dioxane and toluene  
provided similar yields (Entries 6-7). When acetonitrile was used as solvent, because 
the boiling point is not so high, a condenser and cooling water were required to 
prevent evaporation of solvent, and the yield was 70% (Entry 8).  
 
Due to the improved solubility of alkynes in 1,4-dioxane, such as 
4-cyano-phenylacetylenene and 4-nitro-phenylacetylene, 1,4-dioxane was employed 
as the solvent for the remainder of the project. 
 
1.3 Substate scope 
 
1.3.1 Substate scope of alkynes 
 
For the investigation into the scope of alkynes applicable in the N-alkynylation of 
sulfoximines, racemic S-methyl-S-phenylsulfoximine (107) (2.0 equiv.) was used as 
oxidative cross-coupling partner, in the presence of copper (II) dichloride (10 mol%) 
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as catalyst, sodium carbonate (2.0 equiv.) as base, and pyridine (2.0 equiv.) as additive, 
1,4-dioxane as solvent. The reaction was performed at 70 oC and the results are shown 
in Scheme 80. 
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Scheme 80 
 
In general, the yields of the ynesulfoximines ranged from moderate to good. Many 
electron-withdrawing and electron-donating groups on substituted phenylacetylenes 
were well tolerated, and the electronic properties of the functionalized alkynes did not 
significantly affect the yields (190a-190g). When the terminal alkynes contained a 
heterocycle like pyridine, the reaction worked well and afforded the corresponding 
product in 65% (190h).  The highest yield was obtained from triethylsilylacetylene, 
with a yield up to 84% (190i).  
 
For the purification procedure, it is important to mention that the silica gel should be 
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deactivated by triethylamine. To achieve this, the silica gel was suspended in pentane 
containing 1% (v/v) of triethylamine and then was performed column chromatography. 
The eluent for chromatography should also contain triethylamine to ensure that basic 
conditions are maintained for the purification procedure. 
 
Alkyl substituted terminal alkynes were also trialed under the optimized conditions, 
including 1-hexyne and 1-octyne. However, none of the desired product could be 
obtained for the stability. 
 
1.3.2 Substrate scope of sulfoximines 
 
For the investigation into the scope of sulfoximines applicable in this reaction process, 
2-methyl-phenylacetylene was used as the oxidative cross-coupling partner. Because 
of the stability of the product, when S,S-dimethylsulfoximine with other substituted 
phenylacetylene was applied, such as phenylacetylene, 4-nitro-phenylacetylene, 
4-cyano-phenylacetylene, 4-fluoro-phenylacetylene, 4-methoxy-pennylacetylene, no 
pure product could be obtained following choromatography, only a mixture of 
ynesulfoximine and N-phenylacetylsulfoximine could be obtained. When 
2-methyl-phenylacetylene was applied, the corresponding ynesulfoximine could be 
obtained by triethylamine-deactivated silica gel chromatography. The reaction 
conditions are the same as those applied during in the scope investigation of alkynes. 
The results obtained from this investigation are shown in Scheme 81.  
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Scheme 81 
 
S,S-dimethyl sulfoximine (dialkyl sulfoximine) and S,S-tetramethylene sulfoximine 
(cyclic sulfoximine) worked well under these conditions and gave moderate yields of 
48% and 62% respectively (Scheme 81, 190j and 190k). The yield of S,S-dimethyl 
sulfoximine and S,S-tetramethylene sulfoximine is lower than 
S-methyl-S-phenylsulfoximine, because the aromatic phenyl group in 
S-methyl-S-phenylsulfoximine could stabilize the ynesulfoximine. 
 
1.4 Hydrolysis of ynesulfoximines in column  
 
A very interesting phenomenon was observed during the purification process of the 
N-alkynylated sulfoximines: the ynesulfoximines are highly sensitive to acid. After 
the reactions between sulfoximines and terminal alkynes under the optimized 
conditions, when normal silica gel was used for column chromatography instead of 
triethylamine-deactivated silica gel, the N-acylated sulfoximines could be obtained 
(Scheme 82).  
 
For the reaction between S-methyl-S-phenylsulfoximine with substituted phenyl 
acetylenes 195, the yields of N-acyl sulfoximines were good (196a-c). For reaction 
between S,S-dimethyl sulfoximine with phenylacetylene, the yields were moderate 
(196d). A special example should be mentioned. For the reaction between 
2-methyl-phenylacetylene with S-methyl-S-phenylsulfoximine (107), after normal 
silica gel chromatography, a mixture of ynesulfoximine and N-acylsulfoximne was 
obtained. This indicates that 
N-(2-methyl-phenylethynyl)-S-methyl-S-phenylsulfoximine is more stable against 
hydrolysis. 
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Scheme 82 
 
In order to confirm this interesting phenomenon, X-ray diffraction analysis was 
employed for the product 196b (Figure 5).[103]  
 
 
Figure 5 
 
The mechanism of the hydrolysis was proposed as follow. The proton from the acidic 
silica gel adds to the carbon-carbon triple bond of ynesulfoximine 190 to form 
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intermediate 197, and then the lone electron pair of water nucleophilically attacked 
intermediate 197 to form onium intermediate 198, and one proton was released to 
form an enol 199. Then enol 199 tautomerises to form the N-acylated sulfoximine 196 
(Scheme 83).  
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1.5 Electronic properties of ynesulfoximines 
 
In the NMR spectra of ynesulfoximines, the chemical shifts of the two carbons of the 
triple bond are very different. Usually, for the carbon-carbon triple bonds, the 
chemical shifts ranged from 60 ppm to 90 ppm. However, for 
N-(triethylsilylethynyl)-S,S-methylphenylsulfoximine, the chemical shifts of triple 
bond are 55.4 ppm and 101.7 ppm. The chemical shift difference of carbon-carbon 
triple bond is 46.3 ppm (Figure 6). These resonances imply that the two carbons of 
the triple bond are significantly different. 
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Figure 6 13C NMR of compound 190i 
 
In the molecule of ynesulfoximines, the isolated electron pair of nitrogen could be 
delocalized to the triple bond. The carbon-carbon triple bond is a highly polarized 
covalent bond, one carbon containing a positive charge and another carbon containing 
a negative charge. For the Lewis resonance, the three isomers are shown below: 190, 
200 and 201 (Figure 7). These structures shown that nitrogen and the carbon bonded 
to nitrogen containing positive charge and the triple bond carbon furthest from 
nitrogen containing a negative charge. 
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190                                                      200                                         201  
Figure 7 Lewis resonance structures of ynesulfoximines 
 
Because of the charge separation, the reactivities of two carbons of triple bond are 
different. The positive carbon is easily attacked by nucleophiles and the slightly 
electron-rich carbon is readily nucleophilic (Figure 8). This could be explained by the 
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hydrolysis of ynesulfoximines, the proton from acid is electrophilic while the isolated 
electron pair of water is nucleophilic. 
 
R1
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R2 N
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R
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Figure 8 Reactivity of ynesulfoximines 
 
1.6 Stability of ynesulfoximine 
 
Because the delocalization of the electron pair in ynesulfoximines, it is reactive to 
both electrophiles and nucleophiles, the stability of sulfoximine is discussed below. 
 
1.6.1 Aryl effect 
 
In the reaction process, the substrate S-methyl-S-phenylsulfoximine typically 
performed better than S,S-dimethylsulfoximine and S,S-tetramethylenesulfoximine. 
S-methyl-S-phenylsulfoximne could be reacted with many aryl substituted 
phenylactylenes to form ynesulfoximines, but for S,S-dimethylsulfoximine, only the 
reaction with 2-methyl-phenylacetylene affored pure ynesulfoximines. This could be 
explained by aryl effect, the S-phenyl group could conjugate with the triple bond, and 
as such, the charge of triple bond could be delocalized to the aromatic ring, making 
the product more stable.  
 
It is the same for terminal alkynes, in this reaction, aryl terminal alkynes were good 
substrates while alkyl terminal alkynes did not afford the desired product. This is also 
because the charges on triple bond could be delocalized to the aryl group. 
 
1.6.2 Steric effects 
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N-(2-Methyl-phenylethynyl)-S-methyl-S-phenylsulfoximine was more stable against 
hydrolysis, even after normal silica gel chromatography, still some ynesulfoximine 
remained. For S,S-dimethylsulfoximine, many other substituted phenylacetylenes 
failed to afford the pure products except 2-methylphenylacetylene. Both of these 
phenomena indicate that the 2-methyl group is helpful to stabilize the 
ynesulfoximines. The methyl group in 2-methylphenylacetylene served as a hindering 
group, which prevented nucleophilic addition between water and the triple bond. 
 
1.6.3 Coordinated effects 
 
For the stability of N-(triethylsilylethynyl)-S-methyl-S-phenylsulfoximine could be 
also explained by coordinated effects. For the silicon atom, it’s in group 14 and period 
3 of the periodic table. Different from carbon atom which only has 3 p-obitals, silicon 
has 5 d-orbitals and 3 p-orbitals. In 
N-(triethylsilylethynyl)-S–methyl-S-phenylsulfoximine, all the p-orbitals are bonded 
to carbon. However, the triple bond has electron pairs and silicon atom has empty 
d-obitals, and as such a coordinating bond could be formed. This kind of interaction 
could transfer negative charge to silicon and make the charge more separated, so the 
compound is more stable (Figure 9).  
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190i                                                             202  
Figure 9 Coordinated effect of compound 190i 
 
1.7 [2+2] cycloaddition of ynesulfoximine 
 
Because the triple bond of ynesulfoximine is a polar covalent bond, it could be 
reacted with ketenes in a formal [2+2] cycloaddition process. For the analogous 
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ynamides, the [2+2] cycloaddition with ketenes was reported by Danheiser’s 
group.[104] N-phenylethynyl-S-methyl-S-phenylsulfoximine (190a) was reacted with 
acetyl chloride (203) and triethylamine in DCM to form sulfoximines 204 with a 
four-membered ring (Scheme 84). 
 
In this reaction, firstly acetyl chloride reacted with triethylamine to form a ketene 205, 
the ketene then undergone the [2+2] cycloaddition to form the product in 51% yield.  
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This reaction is a further evidence for the charge separation of ynesulfoximine. The 
three Lewis resonance structures 205, 206 and 207 show the charge distribution of 
ketene 205. The negative carbon of ketene nucleophilically attacks the positive carbon 
of ynesulfoximine while the negative carbon of ynesulfoximine nucleophilically 
attacks the positive carbon of the ketene. (Scheme 84) 
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1.8 Oxidation of ynesulfoximine 
 
Ynamide substrates have been shown to be readily oxidized by sodium periodate in 
the presence of ruthenium dioxide to form alpha-keto-imide, which was reported by 
the Hsung group.[105] 
 
Inspired by this reaction, a similar transformation was attempted to convert 
N-phenylethynyl-S-methyl-S-phenylsulfoximine (190a) to N- 
(2-oxo-2-phenylacetyl)-S-methyl-S-phenylsulfoximine 208. The ynesulfoximine was 
treated with sodium periodate in the presence of 5 mol% [RuCl2(p-cymene)]2 at room 
temperature. The N- (2-Oxo-2-phenylacetyl)-S-methyl-S-phenylsulfoximine (208) 
was obtained in excellent yield (Scheme 85).  
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Scheme 85 
 
1.9 Conclusion 
In conclusion, a synthetically useful method for the ynesulfoximines preparation 
through copper-catalyzed oxidative coupling between N-H sulfoximines and terminal 
alkynes has been developed. The reaction conditions are mild, using inexpensive 
copper salts as catalyst and dioxygen gas as the oxidant. Many ynesulfoximines can 
be obtained from the corresponding N-H sulfoximines. Terminal alkynes containing 
both electron-withdrawing substituents and electron-donating substituents were well 
tolerated.  
 
A modified work-up procedure (chromatography) can lead to the respective N-acyl 
sulfoximines from acid-mediated hydrolysis of the ynesulfoximines during 
chromatography. Some other sulfoximine derivatives were afforded by the [2+2] 
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cyclization or the oxidation of ynesulfoximines. 
 
In this project, the oxidative coupling reactions between sp hybrid terminal alkynes 
and N-H sulfoximines were achieved. The corresponding ynesulfoximines and N-acyl 
sulfoximines could be accessed from different purification procedures. The 
investigation of N-acyl sulfoximines preparation through oxidative coupling between 
sp2 hybridized aldehydes and N-H sulfoximines is discussed in the following section. 
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2. Copper-catalyzed oxidative N-acylation of sulfoximines 
 
2.1 Backgrounds and research objective 
 
N-acylated sulfoximines have been widely used in biological chemistry and synthetic 
chemistry.[1,6] The modification of peptides is a useful method for the discovery of 
therapeutic agents for pharmaceutical application. These modifications offer a lot of 
advantages, such as making it easier to cross the biological membranes and enhancing 
the stability against enzyme-catalyzed amide bond cleavage. In biological chemistry, 
N-acylated sulfoximines could be introduced as building blocks for pseudopeptides. 
Many examples of potentially bioactive N-acylated sulfoximine pseudopeptides have 
been reported by the Bolm group, and these types of pseudopeptides could be 
interesting candidates as pro-drugs (Figure 10).[106]  
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Figure 10 N-acylated sulfoximines in pseudopeptides 
 
N-acylated sulfoximines have also been used as a directing group for C-H bond 
functionalization.[75d-f] A few examples have been reported by the Sahoo group. The 
sulfoximine moiety was employed as a directing group both for sp3 C-H bond and sp2 
C-H bond functionalization. It was applied in palladium-catalyzed acetoxylation of 
sp3 C-H bond and ortho sp2 C-H bond of arenes. The ruthenium-catalyzed ortho C-H 
bond amidation of arenes using sulfonyl azide was also achieved. Furthermore, the 
sulfoximine directing group could be easily cleaved by hydrochloric acid and reused 
(Scheme 86).  
 
Therefore, the sulfoximine moiety is a good and resuable directing group for C-H 
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functionalization for synthetic chemists. 
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Because of the useful applications of N-acylated sulfoximine in biochemistry and 
synthetic chemistry, it is important to develop environmental-friendly methods for 
their preparation.  
 
Traditionally, to access N-acylated sulfoximines 142, acylating reagents such as 
activated carboxylic acid derivatives 141 such as acyl halides, acyl anhydrides or 
directly carboxylic acids 143 have been employed (Scheme 87).[75,76]  
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However, both of these methods have drawbacks. For the first method, the acyl 
halides are toxic and some of them should be prepared from corresponding carboxylic 
acids. For the second method, large amounts of activating reagents were needed for 
carboxylic acids activation.  
 
Aldehydes have a sp2 C-H bond on carbonyl group; if proper oxidants were 
introduced, the oxidative coupling reaction of aldehydes and N-H sulfoximines would 
afford N-acylated sulfoximines. This strategy would be more atom-economic due to 
the C-H/N-H dual activation.  
 
In the last decades, some pioneering examples were reported for oxidative coupling 
between aldehydes with electron-rich amines or electron-deficient amides (Scheme 
88). [107]  
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67 
 
Therefore, the research objective was to develop a method for N-acylated 
sulfoximines 222 preparation, using the oxidative coupling between aldehydes 221 
with N-H sulfoximines 17 (Scheme 89).  
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2.2 Screening reaction conditions for oxidative coupling between aldehydes and 
N-H sulfoximines 
 
4-Nitrobenzaldehyde (223) (1 equiv., 0.5 mmol) and racemic 
S-methyl-S-phenylsulfoximine (107) (1.5 equiv.) were used as substrates for the 
reaction conditions optimization, acetonitrile was used as the solvent (Table 2).  
 
Initially, when 5 mol% CuBr was used as the catalyst and NBS (2 equiv.) was used as 
the oxidant, the desired product was obtained in 53% yield (Entry 1).  
 
Subsequently the oxidants were screened and the results are shown in table 2 
(Entries 1-7). When the oxidant NBS and PhI(OAc)2 were used, the yield was 
moderate, 53% and 45% (Entry 1 and Entry 4). When oxone and potassium 
persulfate were employed as the oxidant, only trace amounts of product were formed 
(Entries 3-4). If dioxygen or air could be used for this reaction, the only byproduct 
would be water, however, both of them proved ineffective in this reaction process 
(Entries 6-7). Subsequently it was determined that when tert-butyl hydroperoxide 
(70% aqueous solution) was used as the oxidant, an excellent yield of 95% of the 
N-acylated product could be obtained (Entry 5).  
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Table 2 Condition screening for N-acylation of sulfoximine 
 
O2N
CHO
+ S
O
NH
NO2
S
O
N
O
223                                       107                                                        222a
0.5 mmol                            0.75 mmol
 
 
Entry Catalyst 
 
Catalyst loading 
(mol%) 
Oxidant Yield (%) 
1 CuBr 5 NBS 53 
2 CuBr 5 Oxone trace 
3 CuBr 5 K2S2O8 trace 
4 CuBr 5 PhI(OAc)2 45 
5 CuBr 5 t-BuOOH 95 
6 CuBr 5 Air 0 
7 CuBr 5 O2 0 
8 FeSO4·7H2O 5 t-BuOOH 90 
9 CuCl2 5 t-BuOOH 91 
10 CuBr 1 t-BuOOH 95 
11 CuBr 0.1 t-BuOOH 94 
12 - - t-BuOOH trace 
 
 
Other catalysts were also investigated for this reaction, and an excellent yield could be 
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obtained by using iron (II) sulfate heptahydrate and copper (II) chloride (Entries 8-9). 
The yields were only slightly lower than that by using CuBr. But for iron (II) sulfate 
heptahydrate, trace amounts of the butyl ester by-product were found. Therefore, 
CuBr was determined to be the best catalyst for this reaction. 
 
The amount of catalyst loading was also investigated, 1 mol% and 0.1 mol% of CuBr 
also afforded very good yields (Entries 10-11). However, when other aldehydes were 
applied as substrates, the main product was tert-butyl ester when the loading was 0.1 
mol%. Therefore, 1 mol % catalyst loading was utilized for the remainder of this 
investigation. When no copper salt was added, the reaction did not work, implying 
that the copper catalyst is essential for this reaction (Entry 12).  
 
2.3 Substrate Scope for N-acylated sulfoximine preparation 
 
2.3.1 Substrate scope for aldehydes 
 
To further investigate the substrate scope in regards to the aldehyde coupling partner, 
the optimized conditions were applied: 0.5 mmol aldehyde, 0.75 mmol 
S-methyl-S-phenylsulfoximine, 1 mmol t-BuOOH, 1 mol% CuBr and 1 mL 
acetonitrile (Table 3).  
 
Table 3 N-acylation substrate scope for aldehydes 
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HN
O
1 mmol t-BuOOH, 1 mol% CuBr
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1 mL CH3CN, 80 oC, 12 h
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Entry Aldehyde Product Yield (%) 
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For nitro-benzaldehydes, both para-nitrobenzadehyde and meta-nitrobenzaldehyde 
performed well in these conditions, giving 95% and 85% yield individually (Entries 
1-2). Unfortunately, because of steric hindrance, the ortho-nitrobenzaldehyde did not 
react. 
 
For substituted benzaldehydes, generally, both electron-withdrawing groups and 
electron-donating groups could be tolerated, affording the corresponding N-acylated 
sulfoximines in high yields (Entries 1-7 and Entry 9).  
 
In addition to substituted benzaldehydes, other types of aldehydes were also tried. The 
1-naphthaldehyde derivative was produced in 80% yield (Entry 8). For the aliphatic 
aldehyde, isobutyraldehyde afforded the product in 72% yield (Entry 10). 
2-Oxo-2-phenylacetaldehyde, a unique type of aldehyde, also worked very well under 
these conditions to afford the keto-N-acyl sulfoximine (Entry 11).  
 
2.3.2 Substrate scope for sulfoximines 
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The nitro substituted benzaldehyde (0.5 mmol) was used for exploring the scope of 
sulfoximines. Follow the previously optimized reaction conditions: 0.5 mmol 
benzaldehyde, 0.75 mmol sulfoximine, 1 mmol t-BuOOH, 1 mol % CuBr and 1 mL 
acetonitrile was employed. (Table 4) 
 
Table 4 N-acylation substrate scope for sulfoximines 
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In Table 4, it is shown that S-methyl-S-phenylsulfoximine, S,S-dimethylsulfoximine 
and S,S-tetramethylenesulfoximine performed well in these conditions and provided 
the corresponding N-acylated sulfoximines in good yields (Entries 1-5). The yield of 
S-methyl-S-phenylsulfoximine was always slightly greater than 
S,S-dimethylsulfoximine and S,S-tetramethylene sulfoximine (Entries 1-3, Entries 
4-5). 
 
2.4 Proposed mechanism 
 
The proposed mechanism of this reaction is shown below. As both CuBr and CuCl2 
worked well in this reaction, and in the reaction mixture, an excess of oxidant 
t-BuOOH is present, we proposed that the Cu (I) species 224 was first oxidized to a 
Cu (II) species 225. The lone electron pair of sulfoximine coordinate with Cu (II) 225, 
forming the copper complex 226 (Scheme 90).  
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Scheme 90 
 
In recent years, the formation of a carbonyl radical was reported in the presence of 
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copper/t-BuOOH system by the Zhu group.[108] In a similar fashion, the carbonyl 
radical 227 is also proposed to be a reactive intermediate in our reaction process and 
subsequently reacted with copper complex 226 to give the corresponding product 
N-acylated sulfoximine 222 and a Cu (I) species 224 (Scheme 90).  
 
To further investigate this proposed mechanism, an experiment was performed to 
confirm the role of the the carbonyl radical. In this reaction process, the oxidative 
coupling of 4-nitrobenzaldehyde (223) and S-methyl-S-phenylsulfoximine (107) was 
repeated in the presence of free radical 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO). No N-acyl product was detected by TLC after 12 h, and a white solid was 
filtered and identified to be 2,2,6,6-tetramethyl-piperidine-1-oxyl 4-nitrobenzoate 
(230), which was formed from the reaction between the carbonyl radical 229 
generated in situ with the TEMPO radical 228 (Scheme 91).  
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2.5 Stereochemistry 
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When enantiopure sulfoximine (R)-S-methyl-S-phenylsulfoximine was used as 
substrate to react with 4-nitrobenzaldehyde, the same yield of the product was 
obtained. The HPLC analysis of product from racemic sulfoximine and enantiopure 
sulfoximine showed that the product was enantiopure (Figure 11).  
 
 
 
 
 
 
Figure 11 
 
 
2.6 Ortho-hydroxylation of N-acyl sulfoximine 
 
In order to further functionalize the N-acyl sulfoximine product, the 
ortho-hydroxylation of N-acyl sulfoximine was investigated. In 2012, the 
ortho-acetoxylation of N-acyl sulfoximine was reported by the Sahoo group using the 
palladium catalyzed C-H bond functionalization.[75d] The ortho-acetoxylation products 
could be transformed to ortho-hydroxylation compounds through hydrolysis. 
However, no direct example for the ortho-hydroxylation of N-acyl sulfoximines was 
reported. 
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For the ortho-hydroxylation, 10 mol% palladium acetate was used as the catalyst, and 
potassium persulfate (2.0 equiv.) was used as the oxidant, trifluoroacetic acid (2.0 
equiv.) was used as the additive, 
N-(2-hydroxybenzoyl)-S-methyl-S-phenylsulfoximine (231) could be obtained from 
N-benzoyl-S-methyl-S-phenylsulfoximine (222i) in 61% yield (Scheme 92).  
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Scheme 92 
 
2.7 Conclusion 
 
In conclusion, a mild reaction for the synthesis of N-acyl sulfoximines through 
C-H/N-H functionalization was developed. This oxidative cross-coupling reaction 
between aldehydes and N-H sulfoximines employed CuBr as the catalyst and TBHP 
as the oxidant. It was an alternative method for directly and rapidly access a diverse 
series of N-acyl sulfoximines and the need for pre-activated coupling partners like 
acyl chlorides were avoided. The mechanism of this reaction was studied and radical 
intermediate was confirmed. The ortho-hydroxylated N-acyl sulfoximine could also 
be accessed by the palladium-catalyzed C-H bond fictionalization of the 
corresponding N-acyl sulfoximine. 
 
In this section, aldehydes containing sp2 hybridized C-H bond can be good oxidative 
coupling partners with N-H sulfoximines. The investigation of sulfoximine 
N-arylation though oxidative coupling between sp2 hybridized arenes and N-H 
sulfoximines is discussed in the next section. 
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3. Copper-mediated oxidative N-arylation of sulfoximines 
 
3.1 Background and research objective 
 
Recently, N-arylated sulfoximines have attracted significant interest because of their 
promising bioactivity. Many N-arylated sulfoximine derivatives show activity for 
anticancer drugs, anti-inflammatory drugs or herbicides.[109] Selected examples for 
bioactive N-arylated sulfoximines are shown below (Figure 12).  
N
N
HO O
N
S
O
SO2Me
N
S
O
N
H
N
NN
H
HO O2N
N
N
S
OR
4
R3 N
S
R1
R2
232 CDK inhibitor 233 p38 MAP kinase inhibitor 234 Herbicide for rice plant  
Figure 12 
 
Metal-mediated N-H sulfoximine arylation also provides several useful sulfoximine 
ligands for enantioselective catalysis. In the last decades, many C2 and C1 ligands 
containing N-arylated sulfoximine moiety have been prepared and applied in 
asymmetric Diels-Alder reaction,[7b,110] asymmetric hydrogenation,[111] 
Mukaiyama-type aldol reaction,[112] and asymmetric halogenation.[113] Selected 
examples of sulfoximine ligands are shown below (Figure 13).  
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Figure 13 
 
Therefore, developing new methods for N-H sulfoximine arylation is important for 
further investigation of the sulfoximines in biochemistry and asymmetric catalysis. In 
the last ten years, many methods have been reported for N-H sulfoximine arylation. 
Most of them employed metal-mediated couplings between N-H sulfoximine and 
other arylating reagents. The arylating reagents could be aryl chlorides, aryl bromides, 
aryl sulfonates, aryl boronic acids and diaryliodonium salts. The metal catalysts could 
be palladium, copper and iron.[82-93]  
 
If arenes were used as arylating reagents in oxidative cross-coupling, pre-activation 
and environmentally toxic arylating reagents could be avoided. Therefore, it is a more 
straight forward and environment-friendly strategy for the N-arylation of sulfoximines. 
However, few examples using arenes as arylating reagent for N-arylated sulfoximine 
preparation have been reported until now.[114] 
 
In 2010, a method using C-H/N-H oxidative coupling method for N-arylated 
sulfoximine preparation was reported by the Bolm group and the Miura group.[114] 
The free sulfoximines 17 reacted with azoles 239 or polyfluoroarenes 241 in the 
presence of copper (II) acetate monohydrate catalyst and under air at room 
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temperature. The corresponding N-arylated sulfoximines 240 and 242 were afforded 
in moderate to excellent yields (Scheme 93).  
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S
R2HN
O
10 mol% Cu(OAc)2·H2O, r.t.
K3PO4, DMF, air, 8 h
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F
F
F
F R1
S
R2N
O
239                      17                                                                                240
241                           17                                                                            242
60-95%
82-92%  
Scheme 93 
 
2-Phenylpyridines are well known as effective substrates for C-H bond activation. 
Some pioneering examples of oxidative amination for 2-phenylpyridines have been 
reported.[115] Therefore, the research objective of this section was achieving the 
oxidative cross-coupling between N-H sulfoximine 17 and substituted 
2-phenylpyridines 243 to afford N-arylated sulfoximines 244. (Scheme 94) 
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243                          17                                                    244  
Scheme 94 
 
3.2 Conditions optimization for oxidative N-arylation of sulfoximines 
 
The reaction conditions for the oxidative cross-coupling between 2-phenylpyridine 
and S-methyl-S-phenylsulfoximine were investigated. 2-Phenylpyridine (245) (0.5 
80 
mmol) and S-methyl-S-phenylsulfoximine (107) (0.75 mmol) were used as substrates 
in order to afford N-arylated sulfoximine 244a. The metal salts, oxidants, solvents, 
temperature and additives were explored and the results are shown below. All the 
reactions were run on a 0.5 mmol scale and 24 h (Table 5).  
 
Table 5 Reaction conditions for oxidative coupling between 2-phenylpyridine and the 
N-H sulfoximine 
N NH
S
O
Ph
N
N
S
O
Ph
245 107 244a
condition
 
Entry Metal (Equiv.) Oxidant Solvent T (oC)
Additive 
(Equiv.) 
Yield 
(%) 
1 Cu(OAc)2·H2O (1.0) air CH3CN 130 - 26 
2 CuBr2 (1.0) air CH3CN 130 - - 
3 CuCl2 (1.0) air CH3CN 130 - - 
4 Mn(OAc)2·4H2O (1.0) air CH3CN 130 - - 
5 Co(OAc)2·4H2O (1.0) air CH3CN 130 - - 
6 Ni(OAc)2·4H2O (1.0) air CH3CN 130 - - 
7 Pd(OAc)2 (0.10) air CH3CN 130 - - 
8 Pd(OAc)2 (0.10) K2S2O8 DCE 130 - - 
9 CuBr (0.10) tBuOOtBu PhMe 120 - - 
10 CuBr (0.10) tBuOOtBu neat 130 - - 
11 Cu(OAc)2·H2O (1.0) air DMF 130 - trace
12 Cu(OAc)2·H2O (1.0) air DMSO 130 - trace
13 Cu(OAc)2·H2O (1.0) air 1,4-dioxane 130 - trace
14 Cu(OAc)2·H2O (1.0) air toluene 130 - trace
15 Cu(OAc)2·H2O (1.0) air xylene 145 - trace
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16 Cu(OAc)2·H2O (1.0) air anisole 160 - trace
17 Cu(OAc)2·H2O (1.0) O2 CH3CN 130 - 38 
18 Cu(OAc)2·H2O (1.0) O2 CH3CH2CN 150 - 55 
19 Cu(OAc)2·H2O (1.0) O2 CH3CH2CN 150 pyridine (1.0) - 
20 Cu(OAc)2·H2O (1.0) O2 CH3CH2CN 150 AcOH (0.5) 80 
21 Cu(OAc)2·H2O (1.0) O2 CH3CH2CN 150
2-nitrobenzoic 
acid (0.5) 74 
22 Cu(OAc)2·H2O (0.20) O2 CH3CH2CN 150 AcOH (0.5) 22 
 
 
Initially, the reaction conditions reported by the Yu group for oxidative coupling 
reaction between TsNH2 and 2-phenylpyridine were applied. In the presence of 
Cu(OAc)2·H2O (1.0 equiv.), air was used as the oxidant and acetonitrile was used as 
the solvent. The yield of the desired N-arylated sulfoximine 244a was 26% (Entry 1).  
 
Then, air was used as oxidant and acetonitrile was used as solvent, and many other 
metals salts were trialed (Entries 2-7). Unfortunately, metal salts such as CuBr2, 
CuCl2, Mn(OAc)2·4H2O, Co(OAc)2·4H2O, Ni(OAc)2·4H2O, Pd(OAc)2 failed to afford 
the desired products 244a. 
 
Some other conditions for C-H/N-H bond formation reported by the Che group[116] 
and Li group[117] were also tested for these two substrates 245 and 107. (Entries 8-10) 
Both the Pd(OAc)2/K2S2O8 system and CuBr/tBuOOtBu system also failed to 
facilitate the desired reaction.  
 
The solvent proved to be very important for this reaction. The Cu(OAc)2·H2O/air was 
applied for solvents optimization. DMF, DMSO, 1,4-dioxane, toluene, xylene and 
anisole were tested (Entries 11-16). Apart from the nitrile, all other solvents tested 
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were not suitable for this reaction. 
 
When dioxygen gas was used as oxidant instead of air, the yield could be improved to 
38% (Entry 17).  When the higher melting point solvent propionitrile was used at 
150 oC, the yield of desired product was increased to 55% (Entry 18).  
 
To further improve the reaction, additives were introduced, using Cu(OAc)2·H2O/O2 
/CH3CH2CN system (Entries 19-21). It was shown that pyridine could inhibit the 
reaction while a carboxylic acid could improve the reaction. The carboxylic acid 
applied as additive for intramolecular C-N bond formation was reported by the 
Buchwald, Zhu and Maes group.[118] Both acetic acid (0.5 equiv.) and 2-nitrobenzoic 
acid (0.5 equiv.) worked well for this reaction, yielding 80% and 74% products 
respectively. 
 
Finally, a catalytic amount of Cu(OAc)2·H2O was trialed but the yield was much 
lower (Entry 22). Hence, one equivalent Cu(OAc)2·H2O was necessary for this 
reaction. 
 
Therefore, the best reaction conditions are shown: using Cu(OAc)2·H2O (1 equiv.) as 
the metal salt, using molecular dioxygen as the oxidant, using propionitrile as the 
solvent and glacial acetic acid as the additive, at 150 oC.  
 
3.3 Substrate scope for N-arylated sulfoximines preparation 
 
3.3.1 Substrate scope for sulfoximines 
 
To further investigate the substrate scope in regards to the sulfoximine coupling 
partners, the optimized conditions were applied: 0.5 mmol of 2-phenylpyridine (245), 
1 mmol of sulfoximine 17, 0.25 of mmol glacial acetic acid, 1 atm of O2 and 1 mL of 
propionitrile. The results are shown in Table 6. When S,S-dimethylsulfoximine 
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afforded compound 244g, 0.25 of mmol 2-nitrobenzoic acid was used as additive 
instead of glacial acetic acid. 
 
Table 6 Substrate scope for sulfoximines 
N
+ S
HN
OR
1
R2 0.5 mmol Cu(OAc)2·H2O,  O2 (1 atm)
0.5 mmol 1 mmol
0.25 mmol HOAc, CH3CH2CN, 150 oC, 24 h
245                           17                                                                                                244a-g
N
S
N
OR1
R2
* For 244g preparation, 0.25 mmol of  2-nitrobenzoic acid was used instead of HOAc  
Entry Sulfoximine Product Yield (%) 
1 
NH
S
O
 
N
N S
O
244a  
80 
2 
NH
S
O  
N
N S
O
244b  
72 
3 
NH
S
O
N
N
S
Ο
244c  
69 
4 
NH
S
O  
N
N S
O
244d
77 
84 
5 
NH
S
O
Cl
 
N
N S
O
244e
Cl
82 
6 
NH
S
O
O
 
N
N S
O
244f
O
61 
7 NHSO
 
N
N S
O
244g  
55 
 
Generally, a range of sulfoximines were suitable for this reaction (Entries 1-7). The 
desired N-arylated sulfoximine could be obtained from S,S-diarylsulfoximine (Entry 
3), S,S-dialkylsulfoximine (Entry 7) and S-alkyl-S-arylsulfoximines (Entries 1-2, 
4-6). The yields of desired products 244a-g ranged from moderate to good (55-82%).  
 
For S-methyl-S-(4-substituted-phenyl)-sulfoximines, many substituted groups were 
well tolerated. The electron-withdrawing chloro group and the electron-donating 
methoxy group were tolerated (Entries 5-6). One example should be mentioned: for 
S,S-dimethylsulfoximine, in order to prevent the N-acetylation of sulfoximine, 
2-nitrobenzoic acid was used instead of glacial acetic acid, and the yield was not as 
high as S-arylsulfoximines (Entry 7).  
 
3.3.2 Substrate scope for substituted 2-arylpyridines 
 
The substrate scope for substituted 2-arylpyridines was also investigated under the 
optimized conditions. 0.5 mmol of substituted 2-arylpyridine 246, 1 mmol of 
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S-methyl-S-phenylsulfoximine (107), 0.25 mmol of glacial acetic acid, 1 atm of O2 
and 1 mL of propionitrile were used for this reaction. The results are shown below 
(Table 7). For the preparation of 244n, 0.25 mmol of 2-nitrobenzoic acid was used 
instead of glacial acetic acid as additive. 
 
Table 7 Substrate scope for substituted 2-phenylpyridines 
 
+
0.5 mmol Cu(OAc)2·H2O,  O2 (1 atm)
0.5 mmol 1 mmol
0.25 mmol HOAc, CH3CH2CN, 150 oC, 24 h
246                           107                                                                                                244h-n
* For 244n preparation, 0.25 mmol of 2-nitrbenzoic acid was used instead of HOAc
NH
S
O
Ph
N
R2
R1 N
R2
R1
N
S
O
Ph
 
Entry 
Substituted 
2-phenylpyridine 
Product Yield (%) 
1 
N
N
N
SO
244h  
74 
2 
N
Ο
N
Ο N
SO
244i
64 
3 
N
Cl
N
Cl N
SO
244j
81 
86 
4 
N
F
N
F N
SO
244k  
85 
5 
N  
N
N
S
O
244l  
72 
6 
N
N
N
S
O
244m  
75 
7 
N  
N
N
S
O
244n  
57 
 
Generally, N-arylated sulfoximines could be obtained from the oxidative 
cross-coupling of S-methyl-S-phenylsulfoximine and many substituted 2-arylpyridines 
(Entries 1-7). The yields were from moderate to good, 57-85%.  
 
For 2-(4-substituted-aryl)-pyridines, both electron-withdrawing groups and 
electron-donating groups were well tolerated (Entries 1-4). 
2-(4-substituted-phenyl)-pyridines containing an electron-donating methyl group and 
methoxy group afforded the corresponding products in 74% and 64% yields 
respectively (Entries 1-2), while  2-(4-substituted-phenyl)-pyridines containing an 
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electron-withdrawing chloro group and fluoro group afforded the corresponding 
products in 81% and 85% yields respectively (Entries 3-4). The yields of the products 
from 2-(4-substituted-phenyl)-pyridines containing electron-donating groups were 
slightly lower than that from 2-(4-substituted-phenyl)-pyridines containing 
electron-withdrawing groups. 
 
Other substituted 2-phenylpyridines also worked well under these reaction conditions. 
The desired N-arylated sulfoximines 244l-n could be obtained in yields ranging from 
57% to 75% (Entries 5-7). The substituted groups on both phenyl ring and pyridine 
ring were well tolerated. It is important to mention that for the preparation of 244n, 
the additive glacial acetic acid was replaced by 2-nitrobenzoic acid to avoid the 
N-acetylated sulfoximine byproduct. 
 
3.4 Stereochemistry 
 
 
 
 
 
Figure 14 
 
When enantiopure (S)-S-methyl-S-phenylsulfoximine was used as substrate to react 
with 2-phenylpyridine, the same yield as that from racemic substrate was obtained 
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and the product was determined to be enantiopure. The HPLC analysis of products 
from racemic sulfoximine and enantiopure sulfoximine showed that the product was 
enantiopure (Figure 14).  
 
3.5 Mass analysis of reaction mixture 
 
To further investigate the reaction process and find potential intermediates, ESI-MS 
analysis was introduced. Following application of the optimized reaction conditions 
for the reaction between 2-phenylpyridne and S-methy-S-phenylsulfoximine, the 
reaction mixture was determined by ESI-MS without any work-up. This analysis 
revealed three major species present in the reaction mixture (Figure 15).  
 
Figure 15 
 
In addition to the desired N-arylated sulfoximine peak [244a+H]+, two other copper 
species [244a·Cu(OAc)]+ and [(244a)2·Cu(OAc)]+ were also identified. During the 
reaction, the proposedly square planar coordination complex [244a·Cu(OAc)2] and 
octahedral coordination complex [(244a)2·Cu(OAc)2] were formed. Because of the 
formation of the copper complexes, sodium sulfide was used to transform the copper 
complexes to desired product 244a during the purification procedure.  
 
The attempt for the further isolation of the copper complexes failed. However, the 
results from ESI-MS suggested that the desired products 244a of this oxidative 
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coupling reaction could be applied as potential (chiral) ligands in other transformation 
in synthetic chemistry. 
 
3.6 Conclusion 
 
In conclusion, a new method for the direct preparation of N-arylated sulfoximines 
though oxidative cross-coupling between substituted 2-phenylpyridines and N-H 
sulfoximines has been developed. Cheap copper salts and environmentally friendly 
dioxygen were involved in the reaction condition to afford a series of N-arylated 
sulfoximines. Many substituents were well tolerated and lead to good yields of the 
corresponding products. This type of sulfoximines could be potentially useful ligands 
for asymmetric metal-catalyzed reactions. 
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4. Summary 
 
This thesis mainly focused on developing dual C-H/N-H oxidative cross-coupling 
methodologies for the syntheses of N-functionalized sulfoximines from N-H 
sulfoximines. For these transformations, inexpensive copper salts combined with 
cheap and easily available oxidants were used for the N-H bond functionalizations of 
N-H sulfoximines. Terminal alkynes (sp C-H bonds), aldehydes (sp2 C-H bonds) and 
substituted 2-phenylpyridines (sp2 C-H bonds) proved to be suitable coupling partners. 
These new methods were successfully applied to prepare N-alkynylated, N-acylated 
and N-arylated sulfoximines. 
 
(1) Copper-catalyzed oxidative cross-coupling of sulfoximines and alkynes 
R1
S
R2 N
O
RHH + R1
S
R2 N
O
R
CuCl2 (10 mol%), O2 (1 atm)
pyridine (2 equv.)
Na2CO3 (2 equiv.), 1,4-dioxane
70 oC, 6 h  
 
The oxidative cross-coupling reactions of N-H sulfoximines and terminal alkynes 
were achieved. This synthetically useful coupling method afforded a diverse series of 
N-alkynylated sulfoximines which were prepared and studied for the first time. The 
N-acylated sulfoximines were also obtained by the same reaction conditions using a 
modified work-up procedure. The structural analysis revealed the good reactivity of 
the ynesulfoximines for both electrophiles and nucleophiles.  
 
(2) Copper-catalyzed N-acylation of sulfoximines 
R3
H
O
R1
S
R2N
O
H+ R
3
O R1
S
R2N
O
CuBr (1 mol%)
TBHP (2.0 equiv.)
CH3CN, 80 oC, 12 h  
 
A method for N-acylation of sulfoximines by dual C-H/N-H oxidative cross-coupling 
strategy was established. The reactions of N-H sulfoximines and aldehydes in the 
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presence of inexpensive catalyst CuBr and oxidant tert-butyl hydroperoxide afforded 
a series of valuable N-acyl sulfoximines.  
 
(3) Copper-mediated oxidative sulfoximination of substituted 2-phenylpyridines 
N
HN S
O
R3
R4
N
N
S
O
R3 R
4
H
R1
R2
R1
R2150 oC, 24 h
Cu(OAc)2·H2O (1equiv.), O2 (1 atm)
HOAc (0.5 equiv.), CH3CH2CN
 
 
A new method for the preparation of N-arylated sulfoximines was established. 
Inexpensive copper salts and environmentally friendly dioxygen were introduced for 
the oxidative coupling of N-H sulfoximines and substituted 2-phenylpyridines. It is a 
stereo specific reaction to afford enantiopure N-arylated sulfoximines, which could be 
potential chiral ligands for synthetic chemistry. 
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Experimental part 
 
1. General techniques 
 
All the synthetic procedures described in the experimental part including reactions, 
work-ups and column chromatography were carried out in a fume hood according to 
the safety dispositions. 
 
Air and moisture sensitive reactions were conducted under inert argon using Schlenk 
techniques.  
 
All reagents purchased from Sigma-Aldrich, Acros and Alfa Aesar were used without 
further purification. Moisture sensitive reagents were kept under argon in the 
refrigerator. 
 
2. Solvents 
 
Solvents for anhydrous reaction were dried and purified according to standard 
procedure. 
 
CH2Cl2: Distillation on calcium hydride under N2 atmosphere 
 
THF: Pre-drying on basic alumina and distillation, then followed by further 
distillation on SOLVONA under N2 atmosphere, using benzophenone as indicator. 
 
Toluene: Distillation on SOLVONA under N2 atmosphere, using benzophenone as 
indicator. 
 
Ethyl acetate, pentane and chloroform were distilled before use.  
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DMF, DMSO, 1,4-dioxane, acetonitrile, propionitrile, anisole were HPLC or reagent 
grade and used without further purification. 
 
3. Chromatography 
 
All product mixtures were analyzed by thin layer chromatography using aluminum 
foil backed silica TLC plates with a fluorescent indicator from Merck. UV-active 
compounds were detected with a UV lamp (λ= 254 nm).   
 
For column chromatography, Merck silica gel 60 (0.035-0.070 mm) was used as 
stationary phase. The deactivated silica gel for column chromatography was prepared 
by suspending Merck silica gel 60 in 1% triethylamine solution in pentane. 
 
4. Determination of the Physical Properties 
 
4.1 1H NMR spectrometry 
 
1H NMR spectra were recorded either on a Varian V-NMRS 600 (600MHz), Varian 
V-NMRS 400 (400MHz) or Varian Mercury 300 (300MHz) in deuterated chloroform 
at 25 °C. Chemical shifts (δ) are reported in ppm, and spin-spin coupling constants (J) 
are given in Hz, while multiplicities are abbreviated by br s (broad singlet), s (singlet), 
d (doublet), t (triplet), q (quartet) and m (multiplet).  
 
13C NMR spectra were recorded either on a Varian V-NMRS 600 (150 MHz), Varian 
V-NMRS 400 (100 MHz) or Varian Mercury 300 (75 MHz) in deuterated chloroform 
at 25 °C and chemical shifts (δ) are reported in ppm. 
 
4.2 Mass Spectroscopy 
 
High resolution mass spectra (HRMS) were recorded on a Finnigan MAT 95 
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spectrometer with ESI (Electron Spray Ionization) ionization. The HRMS mass was 
reported in m/z. The EI mass spectra were recorded on Finningen SSQ7000 at 70 eV. 
 
4.3 Melting point 
 
Melting points were measured in capillaries with a Büchi B-540 melting point 
machine and were uncorrected. The melting points were reported in oC. 
 
4.4 HPLC analysis 
 
The enantiomer ratios were measured by chiral HPLC instrument and were performed 
on an Agilent 1200-series system using Daicel Chiralcel AD-H column.  
 
4.5 Optical rotation 
 
The optical rotations were carried out on a Perkin Elmer PE-241 instrument at room 
temperature. The measurements were carried out using a light frequency of 589 nm 
(D-line of a sodium vapor lamp) in a cuvette (length d = 10 cm) using HPLC grade 
CHCl3 as solvent. The concentration c is given in g·100 mL–1.  
 
5. Procedures and products information for N-alkynylation part 
 
5.1 General procedure 1 for synthesis of N-alkynylated sulfoximines 
 
A 100 mL three-necked flask equipped with a stirring bar was loaded with CuCl2 (6 
mg, 10 mol%), the sulfoximine (1.0 mmol) and Na2CO3 (106 mg, 1.0 mmol). Under 
an oxygen atmosphere (1 atm), a solution of pyridine (1.0 mmol) in 1,4-dioxane (5 
mL) was added. After heating to 70 °C, a solution of the terminal alkyne (0.5 mmol) 
in 1,4-dioxane (3 mL) was added slowly to the reaction mixture using a syringe pump 
over 4 h. After the addition of the terminal alkyne solution, the reaction mixture was 
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stirred at 70 °C for an additional 2 h, and then cooled to room temperature. The 
reaction mixture was filtered over a plug of triethylamine-deactivated silica gel and 
washed with dichloromethane and concentrated. The crude reaction mixture was then 
purified by triethylamine-deactivated silica gel column chromatography to afford the 
ynesulfoximines 190. 
 
N-Phenylethynyl-S-methyl-S-phenylsulfoximine (190a)  
Ph
S
O
N
Me
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and phenylacetylene (0.5 
mmol, 51 mg), general procedure 1 was followed using ethyl 
acetate/pentane/triethylamine (50:50:1) as eluent; yield: 99 mg (78%), white solid, 
m.p. 85-86 °C.  
 
1H NMR (600 MHz, CDCl3) δ = 8.05-8.02 (m, 2H), 7.71 (t, J = 7.8 Hz, 1H), 7.63 (t, J 
= 7.8Hz, 2H), 7.26-7.22 (m, 2H), 7.17 (t, J = 7.8Hz, 2H), 7.14-7.10 (m, 1H), 3.29 (s, 
3H) ppm. 
 
13C NMR (150 MHz, CDCl3) δ = 137.3, 134.3, 131.2, 129.7, 128.3, 127.9, 125.9, 
125.5, 87.6, 59.0, 43.7 ppm. 
 
ESI-HRMS (m/z) [C15H13NOS + H]+ Calcd. 256.0791, Found 256.0788. 
 
MS m/z, EI (relative intensity, %): 228 (3), 182 (39), 124 (41), 91 (100), 77 (82), 65 
(50).  
 
N-(4-Cyanophenylethynyl)-S-methyl-S-phenylsulfoximine (190b)  
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Ph
S
O
N
Me
NC
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and 4-cyanophenylacetylene 
(0.5 mmol, 64 mg), general procedure 1 was followed using ethyl acetate/pentane/ 
triethylamine (50:50:1) as eluent; yield: 110 mg (78%), white solid, m.p. 138-139 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.00-8.05 (m, 2H), 7.74 (t, J = 7.6 Hz, 1H), 7.66 (t, J 
= 7.6 Hz, 2H), 7.43 (d, J = 8.8 Hz, 2H), 7.24 (d, J=8.8 Hz, 2H), 3.33 (s, 3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 136.9, 134.6, 131.4, 131.1, 129.9, 128.2, 119.2, 
108.5, 93.5, 58.6, 43.9 ppm.  
 
ESI-HRMS (m/z) [C16H12N2OS + H]+ Calcd. 281.0743, Found 281.0747. 
 
MS m/z, EI (relative intensity, %): 140 (12), 125 (22), 124 (100), 91 (12), 77 (10). 
 
 
N-(4-Fluorophenylethynyl)-S-methyl-S-phenylsulfoximine (190c) 
Ph
S
O
N
Me
F
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and 4-fluorophenylacetylene 
(0.5 mmol, 60 mg), general procedure 1 was followed using ethyl acetate/pentane/ 
triethylamine (50:50:1) as eluent; yield: 109 mg (80%), white solid, m.p. 102-103 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.01-8.06 (m, 2H), 7.72 (t, J = 7.4 Hz, 1H), 7.64 (t, J 
= 7.6 Hz, 2H), 7.17-7.22 (m, 2H), 6.87 (t, J = 8.8 Hz, 2 H), 3.29 (s, 3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 162.4, 159.0, 137.3, 132.8, 129.7, 128.3, 121.4, 
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115.1, 114.9, 87.0, 57.8, 43.7 ppm. 
 
ESI-HRMS (m/z) [C15H12NOFS + H]+ Calcd. 274.0696, Found 274.0692. 
 
MS m/z, EI (relative intensity, %): 120 (100), 119 (36), 108 (15), 78 (10). 
 
N-(4-Nitro-phenylethynyl)-S-methyl-S-phenylsulfoximine (190d) 
Ph
S
O
N
Me
O2N
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and 4-nitrophenylacetylene 
(0.5 mmol, 74 mg), general procedure 1 was followed using ethyl acetate/pentane/ 
triethylamine (50:50:1) as eluent; yield: 112 mg (75%), white solid, m.p. 107-108 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.01-8.05 (m, 4H), 7.76 (t, J = 7.6 Hz, 1H), 7.67 (t, J 
= 8.0 Hz, 2H), 7.25-7.31 (m, 2H), 3.34 (s, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ = 145.1, 134.6, 133.5, 131.3, 129.9, 128.2, 123.4, 95.0, 
58.9, 44.0 ppm. 
 
ESI-HRMS (m/z) [C15H12N2O3S + H]+ Calcd. 301.0641, Found 301.0639. 
 
MS m/z, EI (relative intensity, %): 182 (9), 181 (8), 140 (11), 139 (12), 124 (100), 78 
(39). 
 
N-(4-Methylphenylethynyl)-S-methyl-S-phenylsulfoximine (190e) 
Ph
S
O
N
Me
Me
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and 4-methylphenylacetylene 
98 
(0.5 mmol, 58 mg), general procedure 1 was followed using ethyl acetate/pentane/ 
triethylamine (50:50:1) as eluent; yield: 110 mg (82%), white solid, m.p. 132-133 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.01-8.06 (m, 2H), 7.70 (t, J = 7.6 Hz, 1H), 7.62 (t, J 
= 7.6 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 8.0 Hz, 2H), 3.28 (s, 3H), 2.27 (s, 
3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 137.4, 135.7, 134.2, 129.7, 128.7, 128.3, 122.3, 86.7, 
58.9, 43.6, 21.2 ppm.  
 
ESI-HRMS (m/z) [C16H15NOS + H]+ Calcd. 270.0947, Found 270.0942. 
 
MS m/z, EI (relative intensity, %): 182 (2), 128 (26), 123 (100), 101 (11), 78 (12). 
 
N-(4-Methoxyphenylethynyl)-S-methyl-S-phenylsulfoximine (190f) 
Ph
S
O
N
Me
O
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and 
4-methoxyphenylacetylene (0.5 mmol, 66 mg), general procedure 1 was followed 
using ethyl acetate/pentane/ triethylamine (50:50:1) as eluent; yield: 93 mg (65%), 
colorless oil.  
 
1H NMR (600 MHz, CDCl3) δ = 8.06-8.02 (m, 2H), 7.73-7.67 (m, 1H), 7.65-7.61 (m, 
2H), 7.19 (d, J = 9.0 Hz, 2H), 6.73 (d, J = 9.0 Hz, 2H), 3.75 (s, 3H), 3.29 (s, 3H) ppm.  
 
13C NMR (150 MHz, CDCl3) δ = 158.0, 137.4, 134.2, 132.5, 130.0, 128.4, 117.6, 
113.6, 85.7, 58.5, 55.2, 43.6 ppm. 
 
ESI-HRMS (m/z) [C16H15NO2S + Na]+ Calcd. 308.0716, Found 308.0725. 
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MS m/z, EI (relative intensity, %): 288 (1), 144 (26), 139 (36), 124 (100), 97 (18), 78 
(9).  
 
N-(2-Methylphenylethynyl)-S-methyl-S-phenylsulfoximine (190g) 
Ph
S
O
N
Me
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and 2-methylphenylacetylene 
(0.5 mmol, 58 mg), general General procedure 1 was followed using ethyl 
acetate/pentane/triethylamine (50:50:1) as eluent; yield: 101 mg (75%), colorless oil.  
 
1H NMR (600 MHz, CDCl3) δ = 8.05 (d, J = 7.8 Hz, 2H), 7.71 (t, J = 7.8 Hz, 1H), 
7.64 (t, J = 7.8 Hz, 2H), 7.21 (d, J = 7.8 Hz, 1H), 7.08-6.98 (m, 3H), 3.31 (s, 3H), 
2.17 (s, 3H) ppm. 
 
13C NMR (150 MHz, CDCl3) δ = 139.2, 137.3, 134.3, 131.2, 129.7, 128.9, 128.5, 
125.9, 125.2, 91.8, 57.9, 43.6, 20.7 ppm. 
 
ESI-HRMS (m/z) [C16H15NOS + H]+ Calcd. 270.0947, Found 270.0944. 
 
MS m/z, EI (relative intensity, %): 269 (1, M+), 140 (14), 128 (36), 101 (20), 91 (9), 
78 (11). 
 
N-(Pyridinyl-3-ethynyl)-S –methyl-S-phenylsulfoximine (190h) 
Ph
S
O
N
Me
N
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and 3-ethynylpyridine (0.5 
mmol, 52 mg), general procedure 1 was followed using ethyl 
100 
acetate/pentane/triethylamine (50:50:1) as eluent; yield: 77 mg (60%), yellow oil.  
 
1H NMR (400 MHz, CDCl3) δ = 8.42 (dd, J = 0.8 and 2.0 Hz, 1H), 8.32 (dd, J = 2.0 
and 4.8 Hz, 1H), 8.06-8.02 (m, 2H), 7.75-7.70 (m, 1H), 7.68-7.62 (m, 2H), 7.47-7.52 
(m, 1H), 7.12-7.07 (m, 1H), 3.32 (s, 3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 152.0, 146.2, 137.8, 137.0, 134.5, 128.2, 122.7, 
122.6, 91.0, 55.7, 43.8 ppm.  
 
ESI-HRMS (m/z) [C14H12N2OS + H]+ Calcd. 257.0743, Found 257.0747. 
 
MS m/z, EI (relative intensity, %): 182 (26), 181 (47), 180 (26), 124 (57), 97 (24), 77 
(100), 66 (84), 52 (39). 
 
N-(Triethylsilylethynyl)-S-methyl-S-phenylsulfoximine (190i) 
Ph
S
O
N
Me
Si
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and (triethylsilyl)acetylene 
(0.5 mmol, 70 mg), general procedure 1 was followed using ethyl 
acetate/pentane/triethylamine (50:50:1) as eluent; yield: 123 mg (84%), colorless oil.  
 
1H NMR (300 MHz, CDCl3) δ = 7.97-8.03 (m, 2H), 7.71 (t, J = 7.2 Hz, 1H), 7.62 (t, J 
= 7.2 Hz, 2H), 3.26 (s, 3H), 0.86 (t, J = 8.4 Hz, 9H), 0.45 (q, J = 8.4 Hz, 6H) ppm. 
 
13C NMR (75 MHz, CDCl3) δ = 136.9, 134.2, 129.6, 128.3, 101.7, 55.4, 43.1, 7.50, 
5.02 ppm. 
 
ESI-HRMS (m/z) [C15H23NOSSi + H]+ Calcd. 294.1342, Found 294.1338. 
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MS m/z, EI (relative intensity, %): 139 (18), 125 (87), 124 (100), 123 (86), 109 (24), 
96 (37), 85 (36), 78 (30).  
 
N-(2-Methyl-phenylethynyl)-S,S-dimethylsulfoximine (190j) 
S
O
N
 
 
From S,S-dimethylsulfoximine (1 mmol, 93 mg) and 2-methylphenylacetylene (0.5 
mmol, 58 mg), general procedure 1 was followed using ethyl acetate/triethylamine 
(100:1) as eluent; yield: 73 mg (71%), white solid, m.p. 85-86 °C.  
 
1H NMR (600 MHz, CDCl3) δ = 7.30-7.34 (m, 1H), 7.17-7.13 (m, 1H), 7.11-7.05 (m, 
2H), 3.26 (s, 3H), 2.41 (s, 3H) ppm. 
 
13C NMR (150 MHz, CDCl3) δ = 139.2, 131.3, 129.2, 126.1, 125.4, 125.1, 91.2, 58.5, 
40.9, 21.0 ppm. 
 
ESI-HRMS (m/z) [C11H13NOS + H]+ Calcd. 208.0791, Found 208.0792. 
 
N-(2-Methyl-phenylethynyl)-S,S-tetramethylenesulfoximine (190k) 
S O
N
 
 
From S,S-tetramethylenesulfoximine (1 mmol, 119 mg) and 2-methylphenylacetylene 
(0.5 mmol, 58 mg), general procedure 1 was followed using ethyl 
acetate/triethylamine (100:1) as eluent; yield: 72 (62%), colorless oil.  
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1H NMR (600 MHz, CDCl3) δ = 7.33-7.30 (m, 1H), 7.16-7.13 (m, 1H), 7.10-7.04 (m, 
2H), 3.63-3.56 (m, 2H), 3.18-3.11 (m, 2H), 2.40 (s, 3H), 2.36-2.26 (m, 4H) ppm.  
 
13C NMR (150 MHz, CDCl3) δ = 139.2, 131.3, 129.1, 126.0, 125.3, 125.2, 92.4, 57.5, 
51.0, 23.8 ppm. 
 
ESI-HRMS (m/z) [C13H15NOS + H]+ Calcd. 234.0947, Found 234.0953. 
 
5.2 General procedure 2 for the preparation of N-acyl sulfoximines 
 
A 100 mL three-necked flask equipped with a stirring bar was loaded with CuCl2 (6 
mg, 10 mol%), the sulfoximine (1.0 mmol) and Na2CO3 (106 mg, 1.0 mmol). Under 
an oxygen atmosphere (1 atm), a solution of pyridine (1.0 mmol) in 1,4-dioxane (5 
mL) was added. After heating to 70 °C, a solution of the terminal alkyne (0.5 mmol) 
in 1,4-dioxane (3 mL) was added slowly to the reaction mixture using a syringe pump 
over 4 h. After the addition of the terminal alkyne solution, the reaction mixture was 
stirred at 70 °C for an additional 2 h, and then cooled to room temperature. The 
reaction mixture was then filtered over a plug of normal silica gel and washed with 
dichloromethane and concentrated. The crude reaction mixture was purified by 
normal silica gel column chromatography to afford the N-acyl sulfoximines 196. 
 
N-Phenylacetyl-S-methyl-S-phenylsulfoximine (196a)  
S
O
N
O
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and phenylacetylene (0.5 
mmol, 51 mg), general procedure 2 was followed using ethyl acetate/pentane (1:1) as 
eluent; yield: 102 mg (75%), white solid, m.p. 80-81 °C.  
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1H NMR (400 MHz, CDCl3) δ = 7.82 (d, J = 8.0 Hz, 2H), 7.62 (tt, J = 2.4 and 8.0 Hz, 
1H), 7.51 (t, J = 8.0 Hz, 2H), 7.33-7.19 (m, 5H), 3.69 (s, 2H), 3.26 (s, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ = 180.3, 138.6, 133.7, 129.5, 129.4, 128.3, 127.0, 
126.6, 46.7, 44.0 ppm. 
 
ESI-HRMS (m/z) [C15H15NO2S + H]+ Calcd. 274.0896, Found 274.0895. 
 
MS m/z, EI (relative intensity, %): 183 (6), 182 (24), 181 (25), 180 (100), 91 (40), 77 
(27). 
 
N-(4-Cyanophenylacetyl)-S-methyl-S-phenylsulfoximine (196b) 
S
O
N
O
NC
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and 4-cyanophenylacetylene 
(0.5 mmol, 64 mg), general procedure 2 was followed using ethyl acetate/pentane (1:1) 
as eluent; yield: 119 mg (80%), white solid, m.p. 123-124 °C.  
 
1H NMR (300 MHz, CDCl3) δ = 7.86 (d, J = 8.1 Hz, 2H), 7.72-7.53 (m, 5H), 7.42 (d, 
J = 8.1 Hz, 2H), 3.76 (s, 2H), 3.32 (s, 3H) ppm. 
 
13C NMR (75 MHz, CDCl3) δ = 178.8, 141.3, 138.3 134.0, 132.1, 130.4, 129.7, 126.9, 
119.0, 110.5, 46.5, 44.1 ppm. 
 
ESI-HRMS (m/z) [C16H14N2O2S + H]+ Calcd. 299.0849, Found 299.0851. 
 
MS m/z, EI (relative intensity, %): 182 (20), 181 (100), 115 (14), 77 (26). 
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N-(4-Nitrophenylacetyl)-S-methyl-S-phenylsulfoximine (196c) 
S
O
N
O
O2N
 
 
From S-methyl-S-phenylsulfoximine (1 mmol, 155 mg) and 4-nitrophenylacetylene 
(0.5 mmol, 74 mg), general procedure 2 was followed using ethyl acetate/pentane (1:1) 
as eluent; yield: 114 mg (72%), pale yellow solid, m.p. 107-108 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.17 (d, J = 8.8 Hz, 2H), 7.89-7.85 (m, 2H), 7.68 (tt, 
J = 1.2 and 7.6 Hz, 1H), 7.61-7.55 (m, 2H), 7.48 (d, J = 8.8 Hz, 2H), 3.81 (s, 2H), 
3.33 (s, 3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 178.6, 146.8, 143.4, 138.3, 133.9, 130.4, 129.7, 
126.9, 123.6, 46.2, 44.1 ppm.  
 
ESI-HRMS (m/z) [C15H14N2O4S + Na]+ Calcd. 341.0566, Found 341.0570. 
 
MS m/z, EI (relative intensity, %): 182 (12), 181 (100), 89 (27), 77 (70), 65 (35). 
 
N-Phenylacetyl-S,S-methylphenylsulfoximine (196d) 
S
O
N
O
 
 
From S,S-dimethylsulfoximine (1 mmol, 93 mg) and phenylacetylene (0.5 mmol, 51 
mg), general procedure 2 was followed using ethyl acetate as eluent; yield: 58 mg 
(55%), white solid, m.p. 86-87 °C.  
 
1H NMR (600 MHz, CDCl3) δ = 7.31-7.21 (m, 5H), 3.65 (s, 2H), 3.21 (s, 6H) ppm.  
105 
 
13C NMR (150 MHz, CDCl3) δ = 180.3, 135.7, 129.4, 128.3, 126.7, 46.3, 41.4 ppm.  
 
ESI-HRMS (m/z) [C10H13NO2S + H]+ Calcd. 212.0740, Found 212.0741. 
 
MS m/z, EI (relative intensity, %): 120 (100), 119 (87), 91 (26), 65 (22). 
 
5.3 Precedure 3 for [2+2] cycloadition of ynesulfoximine 
 
In a 10 mL tube, N-phenylethynyl-S-methyl-S-phenylsulfoximine (190a) (0.5 mmol, 
128 mg) and triethylamine (0.6 mmol, 61mg) were dissolved in dry DCM (2 mL). 
Then acetyl chloride (0.5 mmol, 39 mg) was added at room temperature. The mixture 
was heated to 60 oC for 12 h and then cooled down to room temperature. The reaction 
mixture was diluted with DCM (10 mL) and washed with brine (10 mL). The water 
phase was extracted with DCM (10 mL) two times. The combined organic layers were 
concentrated under vacuum, followed by column chromatography to afford product 
204. 
 
N-(2-phenyl-3-oxocyclobut-1-en-1-yl)-S-methyl-S-phenylsulfoximine (204) 
S
O
N
O
 
 
DCM/acetone (20:1) as eluent; yield: 76 mg (51%), pale yellow viscous oil. 
 
1H NMR (400 MHz, CDCl3) δ = 7.97 (d, J = 7.6 Hz, 2H), 7.88 (d, J = 7.6 Hz, 2H), 
7.72 (tt, J = 7.6 Hz, J = 1.2Hz), 7.65-7.61 (m, 2H), 7.33-7.29 (m, 2H), 7.17 (t, J = 7.6 
Hz, 2H), 3.42 (s, 3H), 3.33 (d, J = 14.8 Hz, 1H), 2.79 (d, J = 14.8 Hz, 1H) ppm. 
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13C NMR (100 MHz, CDCl3) δ = 186.0, 164.8, 139.1, 134.7, 131.2, 130.1, 128.2, 
127.5, 127.0, 126.3, 125.8, 50.4, 46.3 ppm. 
 
ESI-HRMS (m/z) [C17H15NO2S + Na]+ Calcd. 320.0716, Found 320.0713. 
 
MS m/z, EI (relative intensity, %): 182 (12), 181 (100), 180 (53), 124 (16), 92 (37), 
78 (28), 65 (30), 51 (15). 
 
5.4 Precedure 4 for the oxidation of ynesulfoximine 
 
To a solution of ynesulfoximine 190a (0.5 mmol, 128 mg) in DCM (1 mL) and 
CH3CN (1 mL) was added NaIO4 (1.5 mmol, 321 mg) in water (2 mL) and 
[RuCl2(p-cymene)]2 (15 mg, 5 mol%). The reaction mixture was stirred at room 
temperature for 8 h. The mixture was diluted with DCM (15 mL) and washed with 
brine (10 mL), the aqueous phase was washed with DCM (10 mL) two times. The 
combined organic layers were dried with MgSO4 and concentrated under vacuum. 
Product 208 was obtained by column chromatography. 
 
N- (2-Oxo-2-phenylacetyl)-S-methyl-S-phenylsulfoximine (208) 
N
S
O
O
O  
 
Pentane/ethyl acetate (1:1) as eluent; yield: 130 mg (91%), white solid, m.p. 79-80 
°C. 
 
1H NMR (600 MHz, CDCl3) δ = 8.09-8.03 (m, 4H), 7.73 (t, J = 7.8 Hz, 1H), 7.65 (t, J 
= 7.8 Hz, 2H), 7.60 (t, J = 7.8 Hz, 1H), 7.47 (t, J = 7.8 Hz, 2H), 3.48 (s, 3H) ppm. 
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13C NMR (150 MHz, CDCl3) δ = 190.1, 173.3, 137.6, 134.4, 134.2, 132.7, 130.2, 
129.9, 128.6, 127.2, 44.8 ppm. 
 
ESI-HRMS (m/z) [C15H13NO3S + Na]+ Calcd. 310.0508, Found 310.0509. 
 
MS m/z, EI (relative intensity, %): 182 (30), 181 (100), 105 (42), 77 (94), 65 (18), 52 
(27). 
 
6. Procedures and products information for N-acylation part 
 
6.1 General procedure 5 for the N-acylations of sulfoximines 
 
In a 10 mL reaction vessel fitted with a magnetic stirring bar the aldehyde (0.5 mmol) 
and the sulfoximine (0.75 mmol) were dissolved in CH3CN (1 mL), then tert-butyl 
hydroperoxide (1 mmol, 70% solution in water, 0.14 mL) and CuBr (1 mol%, 0.7 mg) 
were added to the solution. The reaction mixture was stirred at 80 °C for 12 h, and 
then cooled to room temperature, filtered over a short plug of silica gel, washed with 
CH2Cl2 and concentrated. The product was then purified by silica gel column 
chromatography to afford the N-acyl sulfoximines 222. 
 
N-(4-Nitrobenzoyl)-S-methyl-S-phenylsulfoximine (222a) 
O
N
S
O
O2N  
 
From 4-nitrobenzaldehyde (0.5 mmol, 76mg), S-methyl-S-phenylsulfoximine (0.75 
mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane (1:1) as 
eluent to afford the title compound as a pale yellow solid (144 mg, 95%). M.p. 
146-147 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.31 (d, J = 9.2 Hz, 2H), 8.24 (dt, J = 2.4 and 9.2 Hz, 
108 
2H), 8.08-8.04 (m, 2H), 7.73 (t, J = 7.6 Hz, 1H), 7.68-7.62 (m, 2H), 3.51 (s, 3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 172.0, 149.9, 140.9, 138.3, 134.1, 130.4, 129.8, 
127.0, 123.2, 44.3 ppm.  
 
ESI-HRMS (m/z) [C14H12N2O4S + Na]+ Calcd. 327.0410, Found 327.0410. 
 
MS m/z, EI (relative intensity, %): 182 (8), 181 (10), 180 (8), 156 (18), 149 (12), 93 
(100), 77 (99), 63 (41).  
 
The synthesis of chiral 222a: 
The general procedure 5 was followed using (R)-S-methyl-S-phenylsulfoximine to 
afford 222a in comparable yield to that reported above. HPLC tr = 26.1 min, tr = 36.2 
min (Chiralcel AD-H, 0.6 mL/min, n-heptane/isopropanol = 70/30, λ = 210 nm, 20 
°C), er = >99:1. [α]D20 = +10 (sample of 0.5 mg in 2 mL CHCl3) 
 
N-(3-Nitrobenzoyl)-S-methyl-S-phenylsulfoximine (222b) 
O
N
S
O
NO2  
 
From 3-nitrobenzaldehyde (0.5 mmol, 76mg), S-methyl-S-phenylsulfoximine (0.75 
mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane (1:1) as 
eluent to afford the title compound as a pale yellow solid (129 mg, 85%). M.p. 
123-124 °C.  
 
1H NMR (600 MHz, CDCl3) δ = 8.99 (t, J = 2.1 Hz, 1H), 8.46 (dt, J = 1.2 and 7.2 Hz, 
1H), 8.36 (dq, J = 1.2 and 7.8 Hz, 1H), 8.08-8.03 (m, 2H), 7.73 (t, J = 7.2 Hz, 1H), 
7.65 (t, J = 7.8 Hz, 2H), 7.60 (t, J = 7.8 Hz, 1H), 3.50 (s, 3H) ppm.  
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13C NMR (150 MHz, CDCl3) δ = 171.7, 148.0, 138.4, 137.4, 135.1, 134.1, 129.8, 
129.2, 127.1, 126.5, 124.4, 44.4 ppm.  
 
ESI-HRMS (m/z) [C14H12N2O4S + Na]+ Calcd. 327.0410, Found 327.0418. 
 
MS m/z, EI (relative intensity, %): 181 (11), 156 (21), 95 (38), 93 (100), 77 (41), 65 
(18). 
 
N-(4-Phenylbenzoyl)-S-methyl-S-phenylsulfoximine (222c) 
O
N
S
O
 
 
From 4-phenylbenzaldehyde (0.5 mmol, 91mg), S-methyl-S-phenylsulfoximine (0.75 
mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane (1:1) as 
eluent to afford the title compound as a white solid (142 mg, 85%). M.p. 154-155 °C.  
 
1H NMR (600 MHz, CDCl3) δ = 8.24 (d, J = 7.8 Hz, 2H), 8.09-8.06 (m, 2H), 
7.72-7.67 (m, 1H), 7.66-7.60 (m, 6H), 7.46 (t, J = 7.8 Hz, 2H), 7.40-7.36 (m, 1H), 
3.48 (s, 3H) ppm.  
 
13C NMR (150 MHz, CDCl3) δ = 174.0, 144.8, 140.4, 139.0, 134.4, 133.8, 130.0, 
129.7, 128.8, 127.9, 127.3, 127.2, 126.8, 44.3 ppm.  
 
ESI-HRMS (m/z) [C20H17NO2S + Na]+ Calcd. 358.0872, Found 358.0869. 
 
MS m/z, EI (relative intensity, %): 182 (10), 181 (29), 180 (50), 179 (42), 179 (100), 
156 (38), 155 (69), 151 (76), 93 (96), 77 (39). 
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N-(4-Methoxybenzoyl)-S-methyl-S-phenylsulfoximine (222d) 
O
N
S
O
O  
 
From 4-methoxybenzaldehyde (0.5 mmol, 68 mg), S-methyl-S-phenylsulfoximine 
(0.75 mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane 
(1:1) as eluent to afford the title compound as a white solid (113 mg, 78%). M.p. 
138-139 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.13 (d, J = 9.2 Hz, 2H), 8.08-8.03 (m, 2H), 7.70 (tt, 
J = 1.4 and 7.6 Hz, 1H), 7.64-7.58 (m, 2H), 6.90 (d, J = 9.2 Hz, 2H), 3.85 (s, 3H), 
3.47 (s, 3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 173.8, 162.9, 139.2, 133.7, 131.4, 129.6, 128.3, 
127.1, 113.2, 55.4, 44.4 ppm.  
 
ESI-HRMS (m/z) [C15H15NO3S + Na]+ Calcd. 312.0665, Found 312.0662. 
 
MS m/z, EI (relative intensity, %): 156 (28), 154 (39), 135 (75), 133 (100), 94 (44), 
78 (35), 65 (11).  
 
N-(4-Chlorobenzoyl)-S-methyl-S-phenylsulfoximine (222e) 
O
N
S
O
Cl  
 
From 4-chlorobenzaldehyde (0.5 mmol, 70 mg), S-methyl-S-phenylsulfoximine (0.75 
mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane (1:1) as 
111 
eluent to afford the title compound as a white solid (129 mg, 88%). M.p. 113-114 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.10 (dt, J = 2.0 and 8.8 Hz, 2H), 8.06-8.02 (m, 2H), 
7.70 (tt, J = 2.0 and 7.6 Hz, 1H), 7.62 (tt, J = 2.0 and 7.6 Hz, 2H), 7.37 (dt, J = 2.0 
and 8.8 Hz, 2H), 3.47 (s, 3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 173.2, 138.8, 138.4, 134.1, 133.9, 130.8, 129.7, 
128.2, 127.1, 44.3 ppm.  
 
ESI-HRMS (m/z) [C14H12ClNO2S + Na]+ Calcd. 316.0169, Found 316.0164. 
 
MS m/z, EI (relative intensity, %): 182 (8), 181 (9), 156 (40), 154 (53), 138 (43), 137 
(43), 110 (29), 94 (100), 78 (23), 65 (12). 
 
N-(4-Fluorobenzoyl)-S-methyl-S-phenylsulfoximine (222f) 
O
N
S
O
F  
 
From 4-fluorobenzaldehyde (0.5 mmol, 62 mg), S-methyl-S-phenylsulfoximine (0.75 
mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane (1:1) as 
eluent to afford the title compound as a white solid (124 mg, 89%). M.p. 128-129 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.21-8.15 (m, 2H), 8.07-8.03 (m, 2H), 7.70 (t, J = 
7.6 Hz, 1H), 7.62 (t, J = 7.6 Hz, 2H), 7.11-7.04 (m, 2H), 3.47 (s, 3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 173.1, 166.6, 164.1, 138.9, 133.8, 131.9, 131.8, 
129.7, 127.1, 115.1, 114.8, 44.3 ppm.  
 
ESI-HRMS (m/z) [C14H12FNO2S + Na]+ Calcd. 300.0465, Found 300.0465. 
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MS m/z, EI (relative intensity, %): 182 (8), 181 (15), 156 (42), 155 (79), 122 (99), 95 
(100), 78 (22), 65 (11). 
 
N-(4-tert-Butylbenzoyl)-S-methyl-S-phenylsulfoximine (222g) 
O
N
S
O
 
 
From 4-tert-butylbenzaldehyde (0.5 mmol, 81 mg), S-methyl-S-phenylsulfoximine 
(0.75 mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane 
(1:1) as eluent to afford the title compound as colorless viscous oil (126 mg, 80%).  
 
1H NMR (600 MHz, CDCl3) δ= 8.10 (d, J = 8.4 Hz, 2H), 8.07-8.03 (m, 2H), 7.67 (t, J 
= 7.2 Hz, 1H), 7.60 (t, J = 7.2 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 3.45 (s, 3H), 1.34 (s, 
9H) ppm.  
 
13C NMR (150 MHz, CDCl3) δ = 174.2, 155.7, 139.1, 133.7, 132.9, 129.6, 129.3, 
127.2, 125.0, 44.3, 35.0, 31.2 ppm.  
 
ESI-HRMS (m/z) [C18H21NO2S + Na]+ Calcd. 338.1185, Found 338.1187. 
 
MS m/z, EI (relative intensity, %): 182 (11), 181 (11),180 (17), 159 (43), 156 (31), 
155 (91), 95 (33), 94 (100), 78 (25), 77 (31). 
 
N-(1-Naphthyl)-S-methyl-S-phenylsulfoximine (222h) 
O
N
S
O
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From 1-naphthaldehyde (0.5 mmol, 78 mg), S-methyl-S-phenylsulfoximine (0.75 
mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane (1:1) as 
eluent to afford the title compound as colorless viscous oil (123 mg, 80%). 
 
1H NMR (400 MHz, CDCl3) δ = 9.02-8.98 (m, 1H), 8.35 (dd, J = 1.2 and 7.2 Hz, 1H), 
8.12-8.08 (m, 2H), 7.96 (d, J = 8.0 Hz, 1H), 7.87-7.83 (m, 1H), 7.69 (t, J = 7.6 Hz, 
1H), 7.65-7.59 (m, 2H), 7.56-7.45 (m, 3H), 3.49 (s, 3H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 176.5, 139.0, 133.9, 133.8, 132.3, 132.3, 129.8, 
129.7, 128.3, 127.1, 126.4, 125.8, 124.5, 44.5 ppm.  
 
ESI-HRMS (m/z) [C18H15NO2S + Na]+ Calcd. 332.0716, Found 332.0715. 
 
MS m/z, EI (relative intensity, %): 182 (12), 181 (11), 180 (16), 155 (31), 154 (54), 
153 (100), 126 (70), 125 (63), 93 (78), 78 (34), 77 (34). 
 
N-Benzoyl-S-methyl-S-phenylsulfoximine (222i) 
O
N
S
O
 
 
From benzaldehyde (0.5 mmol, 53 mg), S-methyl-S-phenylsulfoximine (0.75 mmol, 
116 mg), general procedure 5 was followed using ethyl acetate/pentane (1:1) as eluent 
to afford the title compound as a white solid (110 mg, 85%). M.p. 122-123 °C.  
 
1H NMR (600 MHz, CDCl3) δ = 8.18-8.16 (m, 2H), 8.08-8.04 (m, 2H), 7.68 (t, J = 
7.8 Hz, 1H), 7.61 (t, J = 7.8 Hz, 2H), 7.51 (t, J = 7.8 Hz, 1H), 7.41 (t, J = 7.8 Hz, 2H), 
3.47 (s, 3H) ppm.  
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13C NMR (150 MHz, CDCl3) δ = 174.2, 139.0, 135.6, 133.8, 132.1, 129.7, 129.4, 
128.0, 127.1, 44.3 ppm.  
 
ESI-HRMS (m/z) [C14H13NO2S + Na]+ Calcd. 282.0559, Found 282.0558. 
 
MS m/z, EI (relative intensity, %): 182 (6), 181 (7), 180 (10), 155 (49), 104 (100), 78 
(49), 77 (63), 65 (15). 
 
N-Isobutyryl-S-methyl-S-phenylsulfoximine (222j) 
O
N
S
O
 
 
From isobutyraldehyde (0.5 mmol, 36 mg), S-methyl-S-phenylsulfoximine (0.75 
mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane (1:1) as 
eluent to afford the title compound as a white solid (81 mg, 72%). M.p. 80-81°C.  
 
1H NMR (400 MHz, CDCl3) δ = 7.99-7.95 (m, 2H), 7.67 (t, J = 7.6 Hz, 1H), 7.59 (t, J 
= 7.6 Hz, 2H), 3.34 (s, 3H), 2.61(m, 1H), 2.61 (septet, J = 6.8 Hz, 1H), 1.18 (dd, J = 
1.6 and 6.8 Hz, 6H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 186.6, 139.1, 133.6, 129.6, 127.0, 44.1, 38.2, 19.5 
ppm.  
 
ESI-HRMS (m/z) [C11H15NO2S + Na]+ Calcd. 248.0716, Found 248.0709. 
 
MS m/z, EI (relative intensity, %): 182 (22), 181 (100), 180 (22), 124 (25), 78 (21), 
77 (41), 65 (16).  
 
N- (2-Oxo-2-phenylacetyl)-S-methyl-S-phenylsulfoximine (222k) 
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From 2-oxo-2-phenylacetaldehyde (0.5 mmol, 67 mg), S-methyl-S-phenylsulfoximine 
(0.75 mmol, 116 mg), general procedure 5 was followed using ethyl acetate/pentane 
(1:1) as eluent to afford the title compound as colorless viscous oil (123 mg, 86%).  
 
1H NMR (600 MHz, CDCl3) δ = 8.09-8.03 (m, 4H), 7.72 (t, J = 7.8 Hz, 1H), 7.64 (t, J 
= 7.8 Hz, 2H), 7.60 (t, J = 7.8 Hz, 1H), 7.49-7.45 (m, 2H), 3.45 (s, 3H) ppm.  
 
13C NMR (150 MHz, CDCl3) δ = 190.1, 173.3, 137.7, 134.4, 134.2, 132.7, 130.2, 
129.9, 128.6, 127.2, 44.8 ppm.  
 
ESI-HRMS (m/z) [C15H13NO3S + Na]+ Calcd. 310.0508, Found 310.0513. 
 
MS m/z, EI (relative intensity, %): 182 (27), 181 (100), 105 (40), 77 (66), 65 (12). 
 
N-(4-Nitrobenzoyl)-S,S-dimethylsulfoximine (222l) 
O
N
S
O
O2N  
 
From 4-nitrobenzaldehyde (0.5 mmol, 76 mg), S,S-dimethylsulfoximine (0.75 mmol, 
70 mg), general procedure 5 was followed using ethyl acetate as eluent to afford the 
title compound as a pale yellow solid (100 mg, 83%). M.p. 188-189 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.29-8.23 (m, 4H), 3.43 (s, 6H) ppm.  
 
13C NMR (100 MHz, CDCl3) δ = 171.9, 150.0, 140.8, 130.3, 123.2, 41.7 ppm.  
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ESI-HRMS (m/z) [C9H10N2O4S + Na]+ Calcd. 265.0253, Found 265.0251. 
 
MS m/z, EI (relative intensity, %): 150 (5), 149 (8), 135 (17), 120 (100), 103 (19), 78 
(12), 76 (14). 
 
N-(4-Nitrobenzoyl)-S,S-tetramethylenesulfoximine (222m) 
O
N
S
O
NO2
 
 
From 4-nitrobenzaldehyde (0.5 mmol, 76 mg), S,S-tetramethylenesulfoximine (0.75 
mmol, 89 mg), general procedure 5 was followed using ethyl acetate as eluent to 
afford the title compound as a pale yellow solid (114 mg, 85%). M.p. 172-173 °C.  
 
1H NMR (600 MHz, CDCl3) δ = 8.30-8.22 (m, 4H), 3.77-3.70 (m, 2H), 3.43-3.36 (m, 
2H), 2.46-2.32 (m, 4H) ppm.  
 
13C NMR (150 MHz, CDCl3) δ = 172.7, 150.0, 140.7, 130.3, 123.2, 52.7, 23.8 ppm.  
 
ESI-HRMS (m/z) [C11H12N2O4S + Na]+ Calcd. 291.0410, Found 291.0409. 
 
MS m/z, EI (relative intensity, %): 150 (19), 149 (25), 148 (20), 146 (62), 145 (73), 
144 (40), 103 (61), 89 (30), 76 (35), 56 (100). 
 
N-(3-Nitrobenzoyl)-S,S-dimethylsulfoximine (222n) 
O
N
S
O
NO2  
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From 3-nitrobenzaldehyde (0.5 mmol, 76 mg), S,S-dimethylsulfoximine (0.75 mmol, 
70 mg), general procedure 5 was followed using ethyl acetate as eluent to afford the 
title compound as a pale yellow solid (94 mg, 78%). M.p. 172-173 °C.  
 
1H NMR (600 MHz, CDCl3) δ = 8.94 (t, J = 2.1 Hz, 1H), 8.44 (dt, J = 1.2 and 7.8 Hz, 
1H), 8.35 (dq, J = 1.2 and 7.8 Hz, 1H), 7.60 (t, J = 7.8 Hz, 1H), 3.44 (s, 1H) ppm.  
 
13C NMR (150 MHz, CDCl3) δ = 171.6, 148.1, 137.2, 134.9, 129.1, 126.5, 124.3, 41.8 
ppm.  
 
ESI-HRMS (m/z) [C9H10N2O4S + Na]+ Calcd. 265.0253, Found 265.0251. 
 
MS m/z, EI (relative intensity, %): 182 (37), 180 (26), 119 (100), 105 (64), 103 (53), 
78 (70), 77 (78), 63 (34). 
 
6.2 Procedure 6 for the ortho-hydroxylation of 
N-Benzoyl-S-methyl-S-phenylsulfoximine 
 
 
N-Benzoyl-S-methyl-S-phenylsulfoximine (222i) (0.5 mmol, 130 mg), K2S2O8 (1 
mmol, 270 mg), Pd(OAc)2 (0.05 mmol, 11.2 mg), toluene (2 mL) and CF3COOH (1 
mmol, 0.076 mL) were added to a 10 mL reaction vessel fitted with a magnetic 
stirring bar. The reaction mixture was refluxed for 24 h, and then cooled to room 
temperature. The reaction mixture was filtered over a short plug of silica gel, washed 
with dichloromethane and concentrated. The crude reaction mixture was then purified 
by silica gel column chromatography using ethyl acetate/pentane (1:1) to afford a 
colorless viscous oil 231 (84 mg, 61%). 
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1H NMR (600 MHz, CDCl3) δ = 11.84 (brs, 1H), 8.10 (dd, J = 1.6 and 8.0 Hz, 1H), 
8.06-8.02 (m, 2H), 7.76-7.69 (m, 1H), 7.67-7.61 (m, 2H), 7.43-7.37 (m, 1H), 
6.94-6.89 (m, 1H), 6.88-6.82 (m, 1H), 3.47 (s, 3H) ppm.  
 
13C NMR (150 MHz, CDCl3) δ = 174.2, 139.0, 135.6, 133.8, 132.1, 129.7, 129.4, 
128.0, 127.1, 44.3 ppm.  
 
ESI-HRMS (m/z) [C14H13NO2S + Na]+ Calcd. 298.0508, Found 298.0506. 
 
MS m/z, EI (relative intensity, %): 273 (3), 120 (100), 119 (85), 95 (43), 94 (91), 93 
(85), 77 (61), 65 (35), 51 (27). 
 
6.3 Radical Inhibitor Experiment procedure 7 
 
In a 10 mL reaction vessel fitted with a magnetic stirring bar, 4-nitrobenzaldehyde 
(0.5 mmol, 75 mg) and S-methyl-S-phenylsulfoximine (0.75 mmol, 116 mg), TEMPO 
(1.5 mmol, 234 mg, 3 equiv.) were dissolved in CH3CN (1 mL), then 
tert-butylhydroperoxide (1 mmol, 70% solution in water, 1.4 mL) and CuBr (1 mol%, 
0.7 mg) were added to the solution. The reaction mixture was stirred at 80 °C for 12 h, 
then cooled to room temperature. TLC indicated that none of the desired product 222a 
was formed, and a white solid in the reaction mixture had formed. This white solid 
was filtered and washed with CH3CN. NMR analysis of this white solid revealed that 
it was the TEMPO-aldehyde adduct 230 formed from the reaction of the carbonyl 
radical and TEMPO. 
 
2,2,6,6-Tetramethyl-piperidin-1-yl 4-Nitrobenzoate (230) 
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1H NMR (600 MHz, CD3OD) δ = 8.22 (d, J = 9.0 Hz, 2H), 8.11 (d, J = 9.0 Hz, 2H), 
1.82-1.76 (m, 2H), 1.68-1.63 (m, 4H), 1.42 (s, 12H) ppm.  
 
13C NMR (150 MHz, CD3OD) δ = 170.8, 148.8, 144.8, 129.8, 122.5, 56.2, 34.6, 26.3, 
115.7 ppm. 
 
7. Procedures and product information for the N-arylation part 
 
General procedure 8A for oxidative coupling between sulfoximines and 
substituted 2-phenylpyridine 
 
To a 20 ml sealable reaction tube with a magnetic stirring bar was added 
Cu(OAc)2·H2O (100 mg, 0.50 mmol) and the reaction tube was back filled with 
molecular oxygen. To this reaction vessel was then added a solution containing the 
substituted 2-phenylpyridine (0.50 mmol), the sulfoximine (1.0 mmol), glacial acetic 
acid (0.25 mmol, 15 mg) and propionitrile (1 mL). The tube was sealed and heated to 
150 oC for 24h. After this time, the reaction mixture was cooled to room temperature 
and diluted with 15 mL CH2Cl2. The organic phase was washed with Na2S (10 mL, 
saturated aqueous solution) and separated. The aqueous phase was then extracted with 
additional CH2Cl2 (2 x 15 mL). The combined organic phases were filtered over a 
short pad of celite and the solvent then concentrated under vacuum. Purification by 
silica gel column chromatography afforded the arylated sulfoximine 244. 
 
General procedure 8B for oxidative coupling between sulfoximines and 
substituted 2-phenylpyridine 
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As general procedure 8A, however, 2-nitrobenzoic acid (42 mg, 0.25 mmol) was used 
instead of glacial acetic acid. 
 
N-(2-pyridinylphenyl)-S-methyl-S-phenylsulfoximine (244a)  
N
N S
O
 
 
From 2-phenylpyridine (0.5 mmol, 78 mg) and S-methyl-S-phenylsulfoximine (1 
mmol, 155 mg), general procedure 8A was followed using ethyl acetate/pentane (1:1) 
as eluent; yield: 123 mg (80%), colorless viscous oil.  
 
1H NMR (600 MHz, CDCl3) δ = 8.72 (s, 1H), 8.00 (d, J = 7.2 Hz, 1H), 7.78 – 7.70(m, 
3H), 7.61 (d, J = 7.2 Hz, 1H), 7.53 (t, J = 7.2 Hz, 1H), 7.43 (t, J = 7.8 Hz, 2H), 7.25 – 
7.11 (m, 3H), 7.03 (t, J = 7.2 Hz, 1H), 3.07 (s, 3H) ppm. 
 
13C NMR (150 MHz, CDCl3) δ = 158.6, 149.1, 142.3, 139.4, 135.1, 133.1, 130.7, 
129.3, 129.1, 128.4, 125.5, 123.3, 122.4, 121.3, 45.0 ppm. 
 
ESI-HRMS (m/z) [C18H16N2OS + H]+ Calcd. 309.1056, Found 309.1064.  
 
MS m/z, EI (relative intensity, %): 182 (10), 181 (11), 180 (7), 168 (50), 167 (100), 
166 (29), 140 (25), 124 (17), 78 (16). 
 
General procedure 8A using enantiopure (S)-S,S-methylphenylsulfoximine afforded 
optically active 244a,{[α]D20 = -149.4 (sample of 10.0 mg in 2 mL CHCl3)} in 
comparable yield to that reported above. HPLC tr = 12.6 min, tr = 14.9 min, condition 
is (Chiralcel AD-H, 0.8 mL/min, n-heptane/isopropanol = 85/15, λ = 210 nm, 20 °C).  
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N-(2-pyridinylphenyl)-S-ethyl-S-phenylsulfoximine (244b)  
N
N S
O
 
 
From 2-phenylpyridine (0.5 mmol, 78 mg) and S-ethyl-S-phenylsulfoximine (1 mmol, 
169 mg), general procedure 8A was followed using ethyl acetate/pentane (1:1) as 
eluent; yield: 116 mg (72%), colorless viscous oil.  
 
1H NMR (400 MHz, CDCl3) δ = 8.73 (d, J = 4.4 Hz, 1H), 8.05 (d, J = 8.0 Hz, 1H), 
7.76 – 7.70 (m, 3H), 7.60 (dd, J = 7.6 Hz, J = 1.6 Hz, 1H), 7.53 (tt, J = 7.6 Hz, J = 1.6 
Hz, 1H), 7.43 (t, J = 7.6 Hz, 2H), 7.25 – 7.20 (m, 1H), 7.15 (dd, J = 8.0 Hz, J = 1.2 
Hz, 1H), 7.08 (td, J = 7.8 Hz, J = 1.2 Hz, 1H), 6.99 (td, J = 7.8 Hz, J = 1.2 Hz, 1H), 
3.20 (q, J = 7.2 Hz, 2H), 1.12 (t, J = 7.2 Hz, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ = 158.6, 149.1, 142.5, 137.1, 134.9, 134.7, 133.1, 
130.6, 129.3, 129.2, 129.1, 125.7, 122.8, 122.0, 121.2, 51.8, 7.8 ppm. 
 
ESI-HRMS (m/z) [C19H18N2OS + H]+ Calcd. 323.1213, Found 323.1223. 
 
MS m/z, EI (relative intensity, %): 322 (1, M+), 168 (53), 167 (100), 140 (19), 125 
(22), 78 (20), 77 (39), 51 (16). 
 
N-(2-pyridinylphenyl)-S,S-diphenylsulfoximine (244c)  
N
N
S
Ο
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From 2-phenylpyridine (0.5 mmol, 78 mg) and S,S-diphenylsulfoximine (1 mmol, 217 
mg), general procedure 8A was followed using ethyl acetate/pentane (1:1) as eluent; 
yield: 127 mg (69%), white solid, m.p. 120 – 121 °C.  
 
1H NMR (400 MHz, CDCl3) δ = 8.82 – 8.78 (m, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.87 – 
7.82 (m, 4H), 7.78 (td, J = 7.6 Hz, J = 1.6 Hz, 1H), 7.58 (dd, J = 7.6 Hz, J = 1.6 Hz, 
1H), 7.43 (tt, J = 7.6 Hz, J = 1.6 Hz, 2H), 7.38 – 7.32 (m, 4H), 7.31 – 7.27 (m, 1H), 
7.23 (dd, J = 7.6 Hz, J = 1.2 Hz, 1H),7.08 (td, J = 7.6 Hz, J = 1.6 Hz, 1H), 6.99 (td, J 
= 7.6 Hz, J = 1.2 Hz, 1H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ = 158.9, 149.2, 142.1, 140.8, 135.2, 135.1, 132.5, 
130.5, 129.1, 128.5, 125.9, 123.2, 122.2, 121.4 ppm. 
 
ESI-HRMS (m/z) [C23H18N2OS + H]+ Calcd. 371.1213, Found 371.1222. 
 
MS m/z, EI (relative intensity, %): 202 (1), 168 (48), 167 (100), 166 (35), 140 (22), 
78 (19).  
 
N-(2-pyridinylphenyl)-S-methyl-S-(4-methylphenyl)sulfoximine (244d) 
N
N S
O
 
 
From 2-phenylpyridine (0.5 mmol, 78mg) and 
S-methyl-S-(4-methylphenyl)sulfoximine (1 mmol, 169 mg), general procedure 8A 
was followed using ethyl acetate/pentane (1:1) as eluent; yield: 124 mg (77%), 
colorless viscous oil.  
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1H NMR (400 MHz, CDCl3) δ = 8.73 – 8.70 (m, 1H), 8.01 (d, J = 8.0 Hz, 1H), 7.72 
(td, J = 7.6 Hz, J = 1.6 Hz, 1H), 7.65 – 7.58 (m, 3H), 7.25 – 7.15 (m, 4H), 7.13 (td, J 
= 7.6 Hz, J = 1.6 Hz, 1H), 7.02 (td, J = 7.6 Hz, J = 1.2 Hz, 1H), 3.05 (s, 3H), 2.37 (s, 
3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ = 158.6, 149.1, 144.0, 142.5, 136.3, 135.0, 134.9, 
130.6, 129.9, 129.1, 128.4, 125.6, 123.3, 122.3, 121.3, 45.2, 21.5 ppm. 
 
ESI-HRMS (m/z) [C19H18N2OS + H]+ Calcd. 323.1213, Found 323.1222. 
 
MS m/z, EI (relative intensity, %): 182 (11), 168 (58), 167 (100), 166 (43), 140 (21), 
139 (24), 138 (36), 113 (14), 78 (15). 
 
N-(2-pyridinylphenyl)-S-methyl-S-(4-chlorophenyl)sulfoximine (244e) 
N
N S
O
Cl
 
 
From 2-phenylpyridine (0.5 mmol, 78mg) and 
S-methyl-S-(4-chlorophenyl)sulfoximine (1 mmol, 190 mg), general procedure 8A 
was followed using ethyl acetate/pentane (1:1) as eluent; yield: 140 mg (82%), pale 
yellow viscous oil.  
 
1H NMR (600 MHz, CDCl3) δ = 8.73 – 8.70 (m, 1H), 7.94 (d, J = 8.4 Hz, 1H), 7.73 
(td, J = 7.8 Hz, J = 1.8 Hz, 1H), 7.68 (d, J = 9.0 Hz, 2H), 7.58 (dd, J = 7.8 Hz, J = 1.8 
Hz, 1H), 7.39 (d, J = 9.0 Hz, 2H), 7.26 – 7.22 (m, 1H), 7.20 – 7.13 (m, 2H), 7.05 (td, 
J = 7.8 Hz, J = 1.8 Hz, 1H), 3.08 (s, 3H) ppm. 
 
13C NMR (150MHz, CDCl3) δ = 158.6, 149.1, 141.9, 139.9, 137.9, 135.2, 135.1, 
124 
130.7, 129.9, 129.6, 129.2, 125.4, 123.3, 122.7, 121.4, 45.1 ppm. 
 
ESI-HRMS (m/z) [C18H15N2ClOS + H]+ Calcd. 343.0666, Found 343.0678. 
 
MS m/z, EI (relative intensity, %): 342 (1, M+), 182 (25), 181 (33), 168 (85), 166 
(100), 140 (29), 113 (22). 
 
N-(2-pyridinylphenyl)-S-methyl-S-(4-methoxyphenyl)sulfoximine (244f) 
N
N S
O
244f
O
 
 
From 2-phenylpyridine (0.5 mmol, 78mg) and 
S-methyl-S-(4-methoxyphenyl)sulfoximine (1 mmol, 185 mg), general procedure 8A 
was followed using ethyl acetate/pentane (1:1) as eluent; yield: 103 mg (61%), pale 
yellow viscous oil.  
 
1H NMR (400 MHz, CDCl3) δ = 8.73 (d, J = 4.0 Hz, 1H), 8.01 (d, J = 8.0 Hz, 1H), 
7.73 (td, J = 7.6 Hz, J = 1.6 Hz, 1H), 7.68 (d, J = 8.8 Hz, 2H), 7.61 (dd, J = 7.6 Hz, J 
= 1.6 Hz, 1H), 7.25 – 7.11(m,3H), 7.03 (td, J = 7.6 Hz, J = 1.6 Hz, 1H), 7.68 (d, J = 
8.8 Hz, 2H), 3.82 (s, 3H), 3.06 (s, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3 δ = 163.3, 158.6, 149.1, 142.6, 135.1, 134.9, 130.6, 
130.5, 129.1, 125.5, 123.3, 122.3, 121.3, 114.5, 55.6, 45.4 ppm. 
 
ESI-HRMS (m/z) [C19H18N2O2S + H]+ Calcd. 339.1162, Found 339.1169. 
 
MS m/z, EI (relative intensity, %): 338 (1, M+), 168 (56), 166 (100), 153 (28), 140 
(14), 78 (6). 
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N-(2-pyridinylphenyl)-S,S-dimethylsulfoximine (244g) 
N
N S
O
 
 
From 2-phenylpyridine (0.5 mmol, 78 mg) and S,S-dimethylsulfoximine (1 mmol, 93 
mg), general procedure 8B was followed using ethyl acetate/pentane (1:1) as eluent; 
yield: 68 mg (55%), colorless viscous oil.  
 
1H NMR (400 MHz, CDCl3) δ = 8.64 (d, J = 4.0 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 
7.70 – 7.60 (m, 2H), 7.32 – 7.25 (m, 2H), 7.21 – 7.10 (m, 2H), 2.96 (s, 6H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ = 158.4, 149.0, 142.2, 135.4, 135.2, 130.8, 129.3, 
125.1, 124.3, 123.1, 121.3, 41.8 ppm. 
 
ESI-HRMS (m/z) [C13H14N2OS + H]+ Calcd. 247.0900, Found 247.0905. 
 
MS m/z, EI (relative intensity, %): 246 (5, M+), 182 (48), 181 (37), 168 (84), 167 (76), 
166 (100), 141 (39), 79 (29), 78 (26). 
 
N-(2-pyridinyl-5-methylphenyl)-S-methyl-S-phenylsulfoximine (244h) 
N
N
SO
 
 
From 2-(4-methylphenyl)pyridine (0.5 mmol, 85 mg) and 
S-methyl-S-phenylsulfoximine (1 mmol, 155 mg), general procedure 8A was followed 
126 
using ethyl acetate/pentane (1:1) as eluent; yield: 119 mg (74%), colorless viscous oil.  
 
1H NMR (400 MHz, CDCl3) δ = 8.71 (s, 1H), 7.99 (d, J = 7.2 Hz, 1H), 7.79 – 7.68 (m, 
3H), 7.56 – 7.49 (m, 2H), 7.43 (t, J = 7.2 Hz, 2H), 7.25 – 7.19 (m, 1H), 7.04 (s, 1H), 
6.86 (d, J = 7.6 Hz, 2H), 3.07 (s, 3H), 2.24 (s, 3H). 
 
13C NMR (100 MHz, CDCl3) δ = 158.6, 149.0, 142.0, 139.5, 139.2, 135.1, 133.1, 
132.2, 130.5, 129.2, 128.3, 125.5, 124.1, 123.5, 121.1, 44.8, 21.2 ppm. 
 
ESI-HRMS (m/z) [C19H18N2OS + H]+ Calcd. 323.1213, Found 323.1226. 
 
MS m/z, EI (relative intensity, %): 322 (1, M+), 181 (100), 78 (8). 
 
N-(2-pyridinyl-5-methoxyphenyl)-S-methyl-S-phenylsulfoximine (244i) 
N
Ο N
SO
 
 
From 2-(4-methoxyphenyl)pyridine (0.5 mmol, 93 mg) and 
S-methyl-S-phenylsulfoximine (1 mmol, 155 mg), general procedure 8A was followed 
using ethyl acetate/pentane (1:1) as eluent; yield: 108 mg (64%), pale yellow viscous 
oil.  
 
1H NMR (400 MHz, CDCl3) δ = 8.69 (d, J = 4.0 Hz, 1H), 8.02 (d, J = 8.0 Hz, 1H), 
7.79 – 7.75(m, 2H), 7.70 (td, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 
7.57 – 7.50 (m, 1H), 7.44 (t, J = 8.0 Hz, 2H),7.21 – 7.16 (m, 1H), 6.77 (d, J = 2.4 Hz, 
1H), 6.61 (dd, J = 8.0 Hz, J = 2.4 Hz, 1H), 3.72 (s, 3H), 3.09 (s, 3H) ppm.  
 
127 
13C NMR (100 MHz, CDCl3) δ = 160.1, 158.2, 149.0, 143.4, 139.3, 135.0, 133.1, 
131.6, 129.3, 128.3, 127.9, 125.3, 120.8, 108.6, 108.5, 55.2, 45.0 ppm.  
 
ESI-HRMS (m/z) [C19H18N2O2S + H]+ Calcd. 339.1162, Found 339.1169. 
 
MS m/z, EI (relative intensity, %): 338 (4, M+), 198 (38), 196 (100), 167 (39), 155 
(43), 154 (56), 78 (23). 
 
N-(2-pyridinyl-5-chlorophenyl)-S-methyl-S-phenylsulfoximine (244j) 
N
Cl N
SO
 
 
From 2-(4-chlorophenyl)pyridine (0.5 mmol, 95 mg) and 
S-methyl-S-phenylsulfoximine (1 mmol, 155 mg), general procedure 8A was followed 
using ethyl acetate/pentane (1:1) as eluent; yield: 139 mg (81%), pale yellow viscous 
oil.  
 
1H NMR (600 MHz, CDCl3) δ = 8.72 (s, 1H), 7.99 (d, J = 7.8 Hz, 1H), 7.78 – 7.71 (m, 
3H), 7.59 – 7.53 (m, 2H), 7.46 (t, J = 7.8 Hz, 2H), 7.26 – 7.13 (m, 1H), 7.20 (d, J = 
1.2 Hz, 1H), 7.00 (dd, J = 7.8 Hz, J = 1.2 Hz, 1H), 3.11 (s, 3H) ppm. 
 
13C NMR (150 MHz, CDCl3) δ = 157.5, 149.2, 143.6, 138.9, 135.3, 134.4, 133.4, 
133.3, 131.6, 129.5, 128.3, 125.4, 122.8, 122.4, 121.6, 45.3 ppm. 
 
ESI-HRMS (m/z) [C18H15ClN2OS + H]+ Calcd. 343.0666, Found 343.0677. 
 
MS m/z, EI (relative intensity, %): 342 (2, M+), 202 (15), 200 (100), 166 (17), 139 
128 
(22), 124 (14), 78 (8). 
 
N-(2-pyridinyl-5-fluorophenyl)-S-methyl-S-phenylsulfoximine (244k) 
N
F N
SO
 
 
From 2-(4-fluorophenyl)pyridine (0.5 mmol, 87 mg) and 
S-methyl-S-phenylsulfoximine (1 mmol, 155 mg), general procedure 8A was followed 
using ethyl acetate/pentane (1:1) as eluent; yield: 138 mg (85%), pale yellow viscous 
oil.  
 
1H NMR (400 MHz, CDCl3) δ = 8.71 (d, J = 4.0 Hz, 1H), 7.99 (d, J = 8.0 Hz, 1H), 
7.79 – 7.70 (m, 3H), 7.62 – 7.53 (m, 2H), 7.45 (t, J = 7.6 Hz, 2H), 7.26 – 7.20 (m, 1H), 
6.91 (dd, J = 10.8 Hz, J = 2.4 Hz, 1H), 6.71 (td, J = 8.4 Hz, J = 2.4 Hz, 1H), 3.11 (s, 
3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ = 164.1, 161.6, 157.7, 149.1, 144.0, 143.9, 138.9, 
135.2, 133.4, 131.9, 131.8, 131.1, 131.0, 129.4, 128.3, 125.4, 121.3, 109.8, 109.6, 
109.3, 109.0, 45.4 ppm. 
 
ESI-HRMS (m/z) [C18H15FN2OS + H]+ Calcd. 327.0962, Found 327.0972. 
 
MS m/z, EI (relative intensity, %): 326 (4, M+), 186 (100), 185 (61), 184 (95), 124 
(40), 78 (35). 
 
N-[2-(4-methylpyridinyl)phenyl]-S-methyl-S-phenylsulfoximine (244l) 
129 
N
N
S
O  
 
From 2-phenyl-4-methylpyridine (0.5 mmol, 85 mg) and 
S-methyl-S-phenylsulfoximine (1 mmol, 155 mg), general procedure 8A was followed 
using ethyl acetate/pentane (1:1) as eluent; yield: 116 mg (72%), colorless viscous oil.  
 
1H NMR (600 MHz, CDCl3) δ = 8.59 (d, J = 4.8 Hz, 1H), 7.83 – 7.79 (m, 3H), 7.60 – 
7.53 (m, 2H), 7.45 (t, J = 7.8 Hz, 2H), 7.22 (d, J = 7.8 Hz, 1H), 7.16 (td, J = 7.8 Hz, J 
= 1.8 Hz, 1H), 7.09 (d, J = 4.8 Hz, 1H), 7.04 (t, J = 7.8 Hz, 1H), 3.07 (s, 3H), 2.43 (s, 
3H) ppm. 
 
13C NMR (150 MHz, CDCl3) δ = 158.3, 148.7, 146.2, 142.2, 139.5, 135.1, 133.1, 
130.7, 129.3, 129.1, 128.4, 126.4, 123.4, 122.5, 122.4, 44.6, 21.2. 
 
ESI-HRMS (m/z) [C19H18N2OS + H]+ Calcd. 323.1213, Found 323.1225. 
 
MS m/z, EI (relative intensity, %): 322 (2, M+), 180 (100). 
 
N-[2-(5-methylpyridinyl)phenyl]-S-methyl-S-phenylsulfoximine (244m) 
N
N
S
O  
 
130 
From 2-phenyl-5-methylpyridine (0.5 mmol, 85 mg) and 
S-methyl-S-phenylsulfoximine (1 mmol, 155 mg), general procedure 8A was followed 
using ethyl acetate/pentane (1:1) as eluent; yield: 121 mg (75%), colorless viscous oil.  
 
1H NMR (600 MHz, CDCl3) δ = 8.56 (s, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.79 (d, J = 
7.8 Hz, 2H), 7.60 – 7.52 (m, 3H), 7.44 (t, J = 7.8 Hz, 2H), 7.17 (dd, J = 7.8 Hz, J = 
1.2 Hz, 1H), 7.12 (td, J = 7.8 Hz, J = 1.8 Hz, 1H), 7.02 (td, J = 7.8 Hz, J = 1.2 Hz, 
1H), 3.09 (s, 3H), 2.41(s, 3H) ppm.  
 
13C NMR (150 MHz, CDCl3) δ = 155.6, 149.3, 142.3, 139.4, 135.9, 133.1, 130.7, 
130.6, 129.3, 129.0, 128.4, 124.9, 123.2, 122.4, 45.1, 18.3 ppm.  
 
ESI-HRMS (m/z) [C19H18N2OS + H]+ Calcd. 323.1213, Found 323.1222. 
 
MS m/z, EI (relative intensity, %): 322 (2, M+), 180 (100), 78 (8). 
 
N-(2-pyridinyl-3-methylphenyl)-S-methyl-S-phenylsulfoximine (244n) 
N
N
S
O  
 
From 2-(2-methylphenyl)pyridine (0.5 mmol, 85 mg) and 
S-methyl-S-phenylsulfoximine (1 mmol, 155 mg), general procedure 8B was followed 
using ethyl acetate/pentane (1:1) as eluent; yield: 92 mg (57%), colorless viscous oil.  
 
1H NMR (600 MHz, CDCl3) δ = 8.79 (d, J = 4.2 Hz, 1H), 7.87 (t, J = 7.2 Hz, 1H), 
7.67 (d, J =7.2 Hz, 2H), 7.54 (t, J = 7.2 Hz, 1H), 7.48 (d, J = 7.8 Hz, 1H), 7.43 (t, J = 
131 
7.8 Hz, 2H), 7.36 (t, J = 5.4 Hz, 1H), 7.12 – 7.06 (m, 2H), 6.90 (d, J = 7.2 Hz, 1H), 
3.01 (s, 3H), 2.09 (s, 3H) ppm. 
 
13C NMR (150 MHz, CDCl3) δ = 159.0, 148.1, 143.0, 139.6, 137.1, 133.0, 129.2, 
128.9, 128.4, 126.3, 124.1, 121.6, 120.4, 44.1, 20.2 ppm. 
 
ESI-HRMS (m/z) [C19H18N2OS + H]+ Calcd. 323.1213, Found 323.1226. 
 
MS m/z, EI (relative intensity, %): 322 (3, M+), 180 (100), 125 (73), 78 (65), 77 (73). 
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8. CIF data for X-ray analysis of compound 196b 
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List of abbreviation 
 
Å Ångström 
Ac acetyl 
acac acetylacetonate 
aq. aqueous 
Ar argon 
BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl 
BINOL 1,1'-bi-2-naphthol 
br broad (NMR signal) 
Bu butyl 
BSA bis(trimethylsilyl)acetamide 
Bz benzoyl 
calc. calculated 
cat. catalyst 
CDI carbonyldiimidazole 
COD 1,5-cyclooctadiene 
conc. concentrated 
Cy cyclohexyl 
d d doublet (NMR signal) 
d.r. diastereomeric ratio 
dba dibenzylideneacetone 
DCC N,N'-dicyclohexylcarbodiimide 
DCM dichloromethane 
DMAP 4-dimethylaminopyridine 
DMEDA N,N'-dimethylethylene diamine 
DMF N,N-dimethylformamide 
DMSO dimethylsulfoxide 
E eletrophile 
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EDC 3-(ethyliminomethyleneamino)-N,N-dimethylpropane-1-amine 
ee enantiomeric excess 
equiv. equivalent 
ESI electronic spray ionization 
Et ethyl 
HOBt N-hydroxybenzotriazole 
HRMS high resolution mass spectroscopy 
Hz Hertz 
i-Pr isopropyl 
J coupling constant (in NMR spectroscopy) 
L ligand 
M mole per liter 
m.p. melting point 
M.S. molecular sieve 
m-CPBA meta-chloroperoxybenzoic acid 
Me methyl 
mol mole 
MSH O-mesitylenesulfonylhydoxylamine 
MW microwave  
NBS N-bromosuccinimide 
NCS N-chlorosuccinimide 
NMR nuclear magnetic resonance 
Ns nosyl 
Nu nucleophile 
oC centigrade 
OTf triflate 
PEG polyethylene glycol 
Ph phenyl 
pKa acid dissociation constant at logarithmic scale 
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r.t. room temperature 
RuPhos 2-dicyclohexylphosphino-2',6'-diisopropoxybiphenyl 
Ses 2-trimethylsilylethanesulfonyl 
TBAF tetra-n-butylammonium fluoride 
t-Bu tert-butyl 
TEMPO 2,2,6,6-tetrmethylpiperidine-1-oxyl 
THF tetrahydrofuran 
TLC thin layer chromatography 
TMP 2,2,6,6-tetramethylpiperidine 
TMS trimethylsilyl 
Ts tosyl 
W watt 
δ chemical shift 
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